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Vernalization and the control of flowering 
An introduction 
 
Stefano Ciannamea, Gerco C. Angenent and Richard G.H. Immink 
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Chapter 1 
2 
Induction of flowering 
The growth of many plant species is determined and controlled by various environmental and 
endogenous factors that together set the timing of the transition from vegetative to 
reproductive development.  
The synchronization of flowering time is a complex process and is determined by four major 
promoting pathways: long-day photoperiod, gibberellin (GA), autonomous, and vernalization 
(Jack, 2004). Although these pathways can act independently, the balance of their signals is 
integrated by a common set of genes that determine the appropriate time of flowering 
(Putterill et al., 2004), as schematically summarized in figure 1. This review focuses on the 
vernalization pathway in both dicots, represented by the model system Arabidopsis thaliana, 
and monocots.   
 
Figure 1. Pathways controlling flowering time in Arabidopsis.  
Flowering induction is induced by the cross talk of distinct genetic pathways such as photoperiod, gibberellin, 
and vernalization. FLC (FLOWERING LOCUS C) is the major floral repressor of the so-called floral pathway 
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integrators (e.g. SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1, SOC1; FLOWERING LOCUS T, FT) 
that in turn, lead to the activation of the floral meristem-identity genes. FLC expression is positively regulated by 
FRIGIDA, FRIGIDA LIKE1, FRIGIDA LIKE2, VERNALIZATION INDEPENDENCE4, EARLY FLOWERING7, 
EARLY FLOWERING8/VIP6, and others. Conversely, FLC expression is inhibited by vernalization and by genes 
like VRN1, VRN2 and VIN3. In addition, genes of the autonomous pathway such as FCA, FY, FPA, FVE, 
FLOWERING LOCUS D, LUMINIDEPENDENS, repress FLC transcription. Positive gene regulation is shown 
by arrows and gene repression by T-bars. 
 
Vernalization 
In the early 1960th, Chouard defined vernalization as “the acquisition or acceleration of the 
ability to flower by a chilling treatment” (Chouard, 1960). Vernalization is also defined as: 
“The process of promotion of flowering after exposure to prolonged periods of cold, usually 
during a winter period” (Amasino, 2005). It is a quantitative process and depends on the 
extension of the cold treatment, the stage of the plant and the temperature range. Furthermore, 
the vernalization response in plants occurs only after a sufficient level of cold tolerance is 
achieved. In contrast, the process of cold acclimation is fast and is designed to respond 
rapidly to low temperatures in order to protect plants from freezing during fall and winter 
(Thomashow, 1999).  
 
The vernalization response in Arabidopsis 
In Arabidopsis, flowering is promoted by ‘long-day’ length and by a period of cold 
(vernalization). This response to photoperiod and temperature appears to be correlated with 
the latitudes and the geographical position and hence, this species shows a large adaptation of 
growth and flowering to a wide range of climatic conditions.  
The vernalization requirement of Arabidopsis is controlled mainly by two loci: FRIGIDA 
(FRI) and FLOWERING LOCUS C (FLC). The natural allelic variation at the FRI and FLC 
loci, among different accessions of Arabidopsis, account for most of the difference in 
flowering time between early (summer) and late (winter) flowering ecotypes (Burn et al., 
1993; Clarke and Dean, 1994; Koornneef et al., 1994; Johanson et al., 2000; Michaels et al., 
2003). In winter-annual accessions of Arabidopsis, vernalization is required for flowering, 
preventing a premature response before the spring. In contrast, in summer-annual ecotypes 
flowering is rapidly induced in the absence of vernalization (Michaels et al., 2003). Dominant 
alleles at the FLC locus interact synergistically with dominant alleles of FRI to confer an 
extremely late flowering response (Simpson et al., 1999). Molecular analysis of 13 early-
flowering ecotypes for example, revealed that all contain loss of function mutations in the FRI 
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gene (Johanson et al., 2000). More recently, Werner et al. (2005), have measured the 
flowering times of 145 ecotypes under long-day photoperiods and genotyped them for FRI 
deletions (Werner et al., 2005). Interestingly, they observed that the presence or absence of a 
FRI deletion, first described in the Colombia (Col) and Landsberg erecta (Ler) ecotypes, 
accounted for 40% of the variation in flowering time. The Col and Ler ecotypes carry 
recessive FRI alleles, caused by loss of function mutations that disrupt the opening reading 
frame. Ler also carries a natural recessive FLC allele, with no alterations in its coding region 
but with a reduced expression (Sheldon et al., 2000; Simpson and Dean, 2002). An insertion 
of 1.2-kb in the first intron sequence of the Ler FLC allele is partially responsible for the 
attenuation of FLC expression by vernalization (Michaels et al., 2003). Recently, Liu et al 
(2004) showed that a new FLC-Ler splicings form is generated by the insertion of a non-
autonomous Mutator-like transposable element (TE). Interestingly, the level of H3-K9 
dimethylation that has been determined by a Chromatin Immunoprecipitation (ChIP) assay, 
was elevated in FLC-Ler chromatin, and this change in methylation was inversely correlated 
with the levels of FLC mRNA (Liu et al., 2004).  
Another recent screening for variation in flowering time and vernalization response of 
Arabidopsis analyzed 192 different accessions (Shindo et al., 2005). The role of FLC and the 
allelic variation of FRI were determined by comparing the expression level and the sequence 
of the gene. In line with the study of Werner et al., the allelic variation at FRI was the major 
determinant of flowering time variation, although FLC retained an important role as well. In 
summary, both FRI and FLC genes are required to block flowering, and loss of function 
mutations in either gene results in early flowering (Doyle et al., 2005). 
 
Molecular aspects of the floral repressors in Arabidopsis  
FLC is a MADS box transcription regulator and high levels of its expression correlates with 
the inhibition of flowering. The inhibitory role of FLC on the floral transition appeared to be 
caused by the repression of so called floral pathway integrator genes, like SUPPRESSOR OF 
CONSTANS1 (SOC1). Thus, FLC is active as a strong flower repressor and is able to 
antagonize other genes in the floral promotive pathways. The levels of FLC mRNA and FLC 
protein are both reduced by vernalization, even in lines bearing loss-of-function FRI alleles 
(Sheldon et al., 1999; Simpson et al., 1999). Overexpression of FLC in Arabidopsis exhibited 
a broad range of late flowering phenotypes, showing that FLC suppresses flowering by a 
dosage dependent mechanism (Michaels and Amasino, 1999). The activity and regulation of 
the FLC gene were monitored during vernalization by the analysis of transgenic lines, 
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transformed with different pFLC::GUS reporter constructs. Lines with the entire 6kb 
sequence of the promoter, the first two exons, and intron I of FLC, were compared with lines 
containing partial segments of the same region. The 2kb upstream sequence alone appeared to 
be not able to direct a response to vernalization. However, the upstream sequence in 
combination with intragenic regions have shown to be sufficient for the stable downregulation 
of FLC (Sheldon et al., 2002).  
Alignment of FLC to the Arabidopsis genome showed  five genes with a strong homology, 
that were named MADS AFFECTING FLOWERING1 (MAF1) to (MAF5), from which MAF1 
is also referred to as FLM (Ratcliffe et al., 2001; Ratcliffe et al., 2003). Recently, it has been 
shown that FLM (MAF1) is involved in flowering control, because the flm mutation causes a 
strong early-flowering phenotype under non-inductive photoperiods in summer ecotypes of 
Arabidopsis. In addition, Arabidopsis transgenic plants constitutively expressing FLM 
showed delayed flowering. SVP (short vegetative phase) is another member of the MADS 
box transcription factor family that acts as a repressor of flowering (Hartmann et al., 2000). 
When svp mutants carry the 35S::FLM construct, the late flowering effect that normally is 
obtained by overexpression of this gene is suppressed, suggesting that FLM and SVP act in 
the same pathway (Scortecci et al., 2003). Studies using lines that over-expressed MAF2 in 
Arabidopsis have yielded a late flowering phenotype as well, despite that these lines were 
subjected to vernalization and exhibited a low level of FLC expression. This suggests that 
MAF2 encodes a floral repressor, which prevents a quick response for flowering induction by 
a short cold period and hence, preventing a premature vernalization response (Ratcliffe et al., 
2003). It has been shown that overexpression lines of the MAF 1-5 genes in Landsberg erecta 
accession were late flowering, while FLC expression was not affected. (Ratcliffe et al., 2003). 
In conclusion, MAF1, MAF2, MAF3, MAF4 and MAF5 are other members of the MADS box 
transcription factor family that act as floral repressors.  
FRI encodes a protein with coiled-coil domains (Michaels and Amasino, 1999; 
Johanson et al., 2000). Currently, the exact molecular mechanism behind its function is 
unknown. Recently, mutagenesis in Arabidopsis winter-accessions, resulted in the 
identification of the genes FRL1 and FRL2 (FRIGIDA LIKE 1 and FRIGIDA LIKE2).  The 
frl1 and frl2 single mutants were isolated in a Col accession that contained the dominant 
Santa Feliu-2 (SF2) allele of FRI. Both mutants were characterized by their early flowering 
phenotype when compared with the original wild type under both short- and long-day 
conditions. In addition, based on phenotypic analysis of the frl1 fri double mutant, and 
overexpression lines 35S::FRL1 and 35S::FRI, it was clear that FRL1 and FRI have non-
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redundant roles in the regulation of flowering time (Michaels et al., 2004). FRL1 and FRL2 
encode plant specific proteins but their exact role in the vernalization pathway and in 
conferring a winter habit to Arabidopsis are still under debate.  
 
Other players of the vernalization pathway 
To further characterize the vernalization response a genetic approach was followed. 
Arabidopsis fcaI mutants (vernalization requiring plants) were mutagenised, and lines with an 
impaired vernalization response were selected (Chandler et al., 1996). The vrn1 and vrn2 
mutations were isolated and their mutant phenotypes were characterized by a strong reduction 
in the vernalization response and by a delay in flowering time. Interestingly, in these mutants 
FLC expression was decreased upon vernalization treatment initially, as in the wild type, but 
when the plants were placed at higher temperatures, its repression was lost, and high level of 
FLC transcripts were detected, like in non-vernalized plants (Gendall et al., 2001).  
A third factor involved in the vernalization pathway was identified by Sung et al (2004). 
Vernalization insensitive3 (VIN3) represents a new class of mutants, in which the vernalization 
response was completely blocked (Sung and Amasino, 2004). 
 
The vernalization pathway acts in parallel to the autonomous pathway  
A group of six recessive late-flowering mutants (fca, fy, fpa, ld, fld and fve) are flowering late 
under both long-day and short-day conditions and are highly responsive to vernalization. 
Based on these characteristics they were placed in the autonomous pathway (Zapater and 
Sommerville, 1990; Koornneef, 1991; Koornneef et al., 1998). In all these mutants the levels 
of FLC mRNA were much higher compared to wild type plants (Michaels and Amasino, 
1999; Sheldon et al., 1999), and their late-flowering phenotype was completely abolished in 
plants with a genetic background carrying a loss-of-function flc allele (Michaels and 
Amasino, 2001), demonstrating the relation with FLC.  Since, vernalization can suppress the 
late-flowering phenotype of the mutants of the autonomous promotion pathway, the latter is 
placed as a parallel pathway. In conclusion, the genes of the autonomous pathway have 
additive roles in the regulation of flowering time and control the expression of FLC 
(Koornneef et al., 1998). 
 
 
 
                                                                                                                 Vernalization and the control of flowering      
 7
Epigenetic changes and chromatin modifications associated with vernalization 
Some studies suggest that DNA methylation is involved in the vernalization response, and 
that this leads to silencing of specific DNA sequences (Burn et al., 1993). A correlation 
between DNA methylation and flowering time was found in transgenic plants, in which the 
level of methylation was suppressed by expression of an antisense methyltransferase gene 
(MET1) in vernalization responsive accessions of Arabidopsis and mutants, but not in non-
vernalization-responsive lines (Finnegan et al., 1998). The existence of an epigenetic 
mechanism regulating gene expression during vernalization is supported by the observations 
that the vernalized state is not transmitted to the progeny after meiosis, and that high levels of 
FLC mRNA are restored in the next generation.   
To assess the role of some newly identified proteins (VRN2, VIN3), in remodelling the 
chromatin status of FLC, immunoprecipitation experiments (ChIP) were done using plant 
material subjected to vernalization. ChIP experiments using antiserum against VRN1 and 
VIN3 resulted in an enrichment of the promoter and first intronic region of FLC, respectively, 
at positions where chromatin deacetylation and methylation occur by a process involving also 
VRN2. The VRN1 and VRN2 genes were cloned and appeared to encode for putative nuclear 
proteins containing two B3 DNA binding domains and a zinc finger motif with similarity to 
the Drosophila Polycomb group protein SU(Z)12, respectively.  According to the function of 
the PcG (Polycomb) proteins in other organisms, the VRN2 protein is supposed to act by 
maintaining a stable repression of FLC mRNA production (Gendall et al., 2001; Levy et al., 
2002). VRN1 and VRN2 are involved in the initiation of FLC repression during cold 
treatment, but are not essential for maintenance of its repression during the subsequent growth 
at ambient temperature (Sheldon et al., 2006). However, conclusive evidence that the VRN 
proteins function directly at the FLC locus, has yet to be obtained (Bastow and Dean, 2003).  
The PIE1 gene is the first gene in Arabidopsis found to encode a protein with homology with 
ISWI, a class of chromatin-remodeling proteins that are part of the trithorax group complex 
(trxG), together with the  SWI2/SNF2 proteins (Narlikar et al., 2002; Noh and Amasino, 
2003). These ATP-dependent complexes regulate transcription by creating an accessible 
chromatin structure (Narlikar et al., 2002). 
The pie1 mutant shows an early flowering phenotype that is caused by the reduction of FLC 
expression, suggesting that PIE1 functions in the promotion of FLC expression (Noh and 
Amasino, 2003). Another gene involved in this process is VIN3, which encodes for a PLANT 
HOMEODOMAIN (PHD)-finger-containing protein. The PHD domain is thought to be 
involved in protein-protein interactions. The activity of VIN3 is associated with deacetylation 
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of histone H3 in the DNA sequence of FLC that is considered to be a hallmark for subsequent 
methylation of H3 at Lys (lysine) residues K27 and K9 (Sung and Amasino, 2004). 
Methylation of histone H3 on K9 and on K27 has shown to be required for silencing of gene 
expression (Lachner et al., 2003). FLD (FLOWERING LOCUS D) is one of the six genes of 
the autonomous pathway and is a plant homolog of the human protein KIAA0601 that is a 
component of histone deacetylase 1,2 (HDAC1/2) co-repressor complexes (He et al., 2003). 
FLD functions in the deacetylation process of histone proteins that are linked to FLC 
chromatin. Deacetylation has been reported to be associated with gene inactivation. Another 
late flowering mutant, fve, has elevated levels of FLC and hyper-acetylation of FLC 
chromatin (Kim et al., 2004). FVE shows high homology to the mammalian retinoblastoma-
associated protein (RbAp) that is associated with the HDAC complex, and recruited to repress 
transcription (He et al., 2003).  
In conclusion, these studies indicate that FVE and FLD regulate FLC expression by changes 
in histone acetylation. Several other genes are required for FLC transcript accumulation and 
among them, VIP4 (VERNALIZATION INDEPENDENCE 4), VIP5 (VERNALIZATION 
INDEPENDENCE 5), ELF7 (EARLY FLOWERING 7), and VIP6/ELF8 (VERNALIZATION 
INDEPENDENCE 6, EARLY FLOWERING8) are related to the proteins of the Paf1 complex 
of yeast. The Paf1 complex, which consists of Rtf1, Paf1, Cdc73, Leo1, and Ctr9, associates 
with the elongating RNA polymerase II and is required for methylation of Lysine 4 of histone 
H3 in yeast. Trimethylation at histone H3-K4 is observed in actively transcribed genes (Ng et 
al., 2003). VIP4 exhibits sequence homology with the Leo1 protein and VIP5 is the putative 
homolog of the yeast RTF1 protein (Oh et al., 2004), that encodes a protein containing coiled-
coil regions, four potential nuclear localization signal sequences, and a Plus-3 domain. ELF7 
is the PAF1 (RNA polymerase II (Pol II) Associated Factor 1) homolog and ELF8/VIP6 
encodes the Arabidopsis relative of yeast CTR9 (CLN Three Requiring 9) (He et al., 2004). 
Recent coimmunoprecipitation experiments showed protein interactions between VIP4, VIP6, 
and VIP3 (VERNALIZATION INDEPENDENCE 3), the last encoding a protein containing 
WD-40 repeats (Smith et al., 1999). These findings suggest the existence of a functional Paf1 
complex in plants, constituted of different protein subunits that are essential for histone 
methylation of specific target DNA sequences. The single mutants vip5, elf7, and elf8 cause 
early flowering and show down regulation of FLC and FLM and suppression of the MAF 
genes (He et al., 2004). In figure 2 a putative model is presented for the functioning of various 
chromatin re-modeling complexes in the vernalization process, and in Table 1 an overview is 
given of all genes discussed above.  
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Figure 2. Hypotetical model for epigenetic regulation of FLC by chromatin modifications. 
In the absence of vernalization FLC is actively expressed and its chromatin regions are maintained in an active 
status with acetylation of histones H3 and trimethylation at residues K4. Prolonged cold induces VIN3 that is 
associated with the HDAC1/2 (histone deacetylase 1,2) complex and functions by the deacetylation of histone 
H3 in DNA regions of FLC. Subsequently, VRN1 and VRN2 proteins are involved in the methylation of histone 
H3 at K9. Vernalization induces the formation of heterochromatin at the FLC locus so that the PAF1 complex, 
associated with the RNA polymerase II is not able to access the FLC locus. 
(This figure has been modified from the original figure from Sung and Amasino, 2005). 
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Table 1. Arabidopsis flowering time genes. 
 
Vernalization in Cereals 
Until recently, it was unclear whether a comparable model for flowering time regulation by 
integration of several inductive pathways exists in monocots (Andersen et al., 2004). The 
available genome sequences of Arabidopsis and rice provide a good framework for 
comparative genomics and offer the possibility to perform truly orthologous comparison 
within and among monocots and dicots (Paterson et al., 2004). Nevertheless, this comparison 
has proven difficult, mainly because of the large size and the polyploid nature of the genome 
of temperate cereals. 
Nowadays, rice is considered a model system for the study of cereal genomes and flowering 
time is better understood in rice, where several regulatory genes have been isolated. However, 
rice is a tropical species that lacks a vernalization response and that flowers under short days 
(Laurie et al., 2004). Therefore, vernalization needs to be studied in other cereals that are 
sensitive to long cold treatments (Wang et al., 1995). Cereal species can be characterized as 
winter or spring accessions depending on their competence and ability to flower after 
exposure to long periods of low temperature. The spring varieties flower earlier and do not 
Locus  Gene name   Encoded Protein  Mutant phenotype Function   
  
FCA
  
  
FY
  
FPA
  
LD
  
FVE
  
FLC
  
FLD
  
  
MAF1-4     
  
FRL 1- 2 
  
VRN1
  
  
VRN2
  
  
VIN3 
  
  
VIP3 
  
VIP4 
  
VIP5 
  
VIP6 
  
SVP 
  
PIE1 
  
  
FCA 
  
  
FY
  
FPA 
  
LUMINIDEPENDENS
 
FVE 
  
FLOWERING LOCUS C
  
FLOWERING LOCUS D
  
  
MADS AFFECTING FLOWERING 1 - 4 
  
  
FRIGIDA  LIKE 1-2      
VERNALIZATION 1
 
  
VERNALIZATION 2
 
  
VERNALIZATION INSENSITIVE 3
  
  
VERNALIZATION INDEPENDENCE3     
VERNALIZATION INDEPENDENCE4     
VERNALIZATION INDEPENDENCE5     
VERNALIZATION INDEPENDENCE6     
SHORT VEGETATIVE PHASE 
  
PHOTOPERIOD INDEPENDENT 
EARLY FLOWERING1
 
  
RNA binding protein
 
  
Polyadenylation factor
 
RNA binding protein
 
Homeobox protein
 
WD40 repeat protein
 
MADS box protein
 
HDAC- associated protein
 
  
MADS box proteins
 
  
Plant specific 470-aa proteins
 
B3 DNA binding protein
 
  
Polycomb group protein
 
  
PHD -finger containing protein
 
  
WD40 repeat protein
 
Leo1 -like protein
 
RTF1 -like protein
 
Protein relative of CTR9
 
MADS box proteins
 
ISWI - like protein
 
 
Late flowering and strongly
 
responsive to vernalization
 
Late flowering
 
Late flowering
 
Late flowering
 
Late flowering
 
Early flowering in SD
 
Late flowering
 
 
Early flowering
 
 
Early flowering
 
Late flowering after a
 
vernalization treatment
 
Late flowering in fca-I mutant
 
 background
 
Insensitive to vernalization
 
 
Early flowering
 
Early flowering
 
Early flowering
 
Early flowering
 
Early flowering
 
Early flowering
 
 
Autonomous pathway 
  
 
Autonomous pathway 
  
Autonomous pathway 
  
Autonomous pathway 
  
Autonomous pathway 
  
Floral repressor 
  
Autonomous pathway 
  
 
Floral repressors 
  
 
Floral repressors 
  
Vernalization pathway 
  
 
Vernalization pathway 
  
 
Vernalizati on pathway 
  
 
Floral repressor 
  
Floral repressor 
  
Floral repressor 
  
Floral repressor 
  
Floral repressor 
  
Floral repressor 
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require vernalization, whereas winter varieties depend on extensive cold periods to flower. 
Cereals are generally long day plants and respond to photoperiod by a promotion of floral 
initiation and heading time (Thomas and Vince-Prue, 1997). 
Genetic studies performed in the past revealed that the temperature dependent timing of 
flowering is determined mainly by the epistatic interactions of two loci, VRN1 and VRN2 
(distinct from the Arabidopsis genes with the same nomenclature). The dominance of VRN1 
and the presence of a VRN2 recessive allele generate a spring growth habit. Conversely, plants 
with a recessive VRN1 and a dominant VRN2 allele generate a winter growth habit with a 
strict requirement for vernalization. Recently, the VRN1 locus of cereals was linked to a gene 
similar to the Arabidopsis meristem identity gene APETALA1 (AP1), (Murai et al., 2003; 
Trevaskis et al., 2003; Yan et al., 2003), and the VRN2 locus to a new gene, encoding a 
protein with strong similarity to CONSTANS (CO) and CONSTANS-like proteins of 
Arabidopsis (Yan et al., 2004b). Detailed analyses have shown an epistatic interaction 
between VRN1 and VRN2; VRN1 expression is strongly induced in winter accessions upon an 
extensive period of cold treatment and in parallel to this, VRN2 levels are progressively 
reduced. In the spring habit of cereals the VRN1 mRNA accumulates without any 
vernalization treatment and its expression is not repressed by VRN2.  
Thus, VRN2 may play a role analogous to that of FLC. Both are flowering repressors which 
are turned off by cold exposure (Sung and Amasino, 2005). Interestingly, no orthologues of 
the Arabidopsis genes FLC, FRI, VRN1 and VRN2 were identified in rice or in temperate 
cereals (Winichayakul et al., 2005) up to date. To determine the conservation of the genes of 
the autonomous pathways in rice and ryegrass, EST libraries of these species were screened 
for the presence of FCA and FY like sequence. It appeared that FCA and FY like genes are 
present in both rice and Lolium, and like in Arabidopsis, the two encoded proteins can 
interact by the WW domain, suggesting a similar function for these proteins in monocots and 
dicots (Winichayakul et al., 2005).  
 
Molecular aspects of VRN1 functioning 
Studies in wheat suggest that the different growth habit between spring and winter accessions 
of T.monococcum is determined by small deletions in the promoter sequence of the VRN1 
gene (Yan et al., 2004a). According to the model of Yan et al. (2004), the dominant VRN1 
gene of the spring forms is actively transcribed because its promoter lacks a putative binding 
site for a transcription factor that might repress its transcription in absence of vernalization. 
Furthermore, independent deletions in the first intron of VRN1 gene are associated with alleles 
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for spring growth habit in wheat. Similarly, the absence of a repressor recognition (e.g. VRN2 
might be one of the proteins that binds this site) element in the first intron, could be a good 
explanation for the presence of dominant VRN1 alleles in the spring varieties. The presence of 
deletions in these cis regulatory sites, located in either the promoter or the first intron might 
be responsible for the different sensitivity to vernalization between diploid and polyploid 
spring, and winter wheat ecotypes. Other studies in cereals presented the role of VRN1 in the 
induction of phase transition from vegetative to flowering program in response of 
vernalization (during winter) and long day photoperiod, naturally associated with the spring 
season. The expression of the VRN1 gene in cereals has been shown to be regulated by 
photoperiod and vernalization and therefore, this gene can be marked as a floral integrator. In 
figure 3 the vernalization pathway of cereals is schematically summarized and compared to 
the pathway elucidated for Arabidopsis. It shows that a similar way of regulation exists in 
Arabidopsis and temperate cereals, although the components seem to be different. Further 
investigations are required to determine whether the regulation of the vernalization pathway is 
conserved between Arabidopsis and cereals and to fill the gaps in our understanding about 
flowering in grasses.  
 
 
Figure 3. The role of the vernalization pathway in Arabidopsis and temperate cereals. 
Winter annuals ecotypes of Arabidopsis require a vernalization treatment to flower. Genes like VRN1, VRN2 and 
VIN3 ensure the repression of FLC that functions as strong floral repressor inhibiting gene expression of 
important flower pathway integrators. The decrease of FLC expression and the activation of floral integrators, 
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upon vernalization treatment in turn lead to the induction of flower meristem identity genes. In winter cereals the 
CO-like suppressor (VRN2) is downregulated under inductive cold exposure, and the AP1-like gene (VRN1, e.g. 
LpMADS1 in Lolium) is expressed, so that flowering is initiated. Whether CO-like genes repress directly the 
AP1-like gene, or whether other co-factors are involved in the molecular mechanisms of VRN1 downregulation, 
needs to be resolved. 
 
Outline of the thesis 
The aim of the work described in this thesis was to identify novel genes that are involved in 
the vernalization response in grasses, in particular Lolium perenne. At the time this research 
started most of the knowledge was available from the model species Arabidopsis. This 
knowledge was mainly gained by the analysis of mutants, while the molecular mechanisms 
involved in the regulation of flowering time were clarified more recently. Hardly any gene 
involved in flowering time, and in particular the vernalization response in Lolium, was known 
at the beginning of this project. Therefore, initially, a cDNA micro-array approach was 
followed to identify putative regulators of the vernalization pathway in Lolium.  
In Chapter 2, the expression profiling of a dedicated set of cDNAs by this microarray 
approach is described. Based on detailed expression analyses a few putative regulators of the 
vernalization response in Lolium perenne were identified. The function of these selected 
Lolium genes were predicted based on comparison with the homologous genes from 
Arabidopsis. In Chapter 3, the sequence of the LpMADS1 promoter of a winter and spring 
Lolium genotype was used in a yeast one hybrid and Electro Mobility Shift Assay (EMSA), to 
identify upstream regulators of this important vernalization responsive gene. In addition, 
LpMADS2 and LpMADS3 were selected for analysis, because of their high percentage of 
homology to LpMADS1. The characteristics of these three proteins were compared based on 
their protein-protein interaction patterns. Chapter 4 presents the functional characterization 
of an AP1-like Lolium MADS box gene that has previously been isolated, and  is supposed to 
occupy the VRN1 locus.  
Chapter 5 describes the analysis of the LpLIR1 gene that initially was isolated in a 
screen for genes upregulated during the vernalization response. In this chapter indications for 
a cross link between distinct signaling pathways, such as photoperiod and cold 
acclimatization, are provided. Furthermore, functional analysis in transgenic Arabidopsis 
suggests a role for the LpLIR1 gene during vegetative development.  
Chapter 6 describes the regulation of flowering time in Arabidopsis that is achieved 
by the delicate balance of gene activation versus gene repression. The MADS box protein 
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SOC1 is an activator of flowering, whereas FLC is a repressor. Therefore, chimeric SOC1 and 
FLC MADS box proteins, with reciprocally swapped C-terminal domains, were generated and 
functionally characterized. Finally, in Chapter 7 a general discussion is presented that 
focuses on the relevance of plant heterologous studies and furthermore, suggestions for future 
experiments are provided that will help to better understand the regulation of flowering time 
in grasses in response to vernalization. 
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ABSTRACT 
Many plant species including temperate grasses require vernalization in order to flower. 
Vernalization is the process of promotion of flowering after exposure to prolonged periods of 
cold. To investigate the vernalization response in monocots the expression patterns of about 
1500 unique genes of Lolium perenne were analyzed by a cDNA microarray approach, at 
different time points after transfer of plants to low temperatures. Vernalization of Lolium 
perenne takes around 80 days and therefore, the plants were incubated at low temperatures for 
at least 12 weeks.  A total of 70 cold responsive genes were identified that are either up- or 
down-regulated with a minimal 2- fold difference compared to the common reference. The 
majority of these genes show a very rapid response to the cold treatment indicating that their 
expression is affected by the cold-stress and therefore, these genes are not likely to be 
involved in the flowering process.  Based on hierarchical clustering, one gene could be 
identified that is down-regulated towards the end of the cold period and in addition, a few 
genes have been found that are up-regulated in the last weeks of the cold treatment and hence, 
are putative candidates for genes involved in the vernalization response. Three of the up-
regulated genes are homologous to members of the MADS box, CONSTANS-like, and 
JUMONJI families of transcription factors, respectively. The latter two are novel genes not 
connected to vernalization induced flowering before. Furthermore, members of the JUMONJI 
family of transcription factors have shown to be involved in chromatin remodelling, 
suggesting that this molecular mechanism, like in Arabidopsis, plays a role in the regulation 
of the vernalization response in monocots. 
 
INTRODUCTION 
Vernalization is the process of promotion of flowering after exposure to prolonged periods of 
cold, usually during a winter period. This process is quantitative, and depends on the 
extension of the cold treatment, the stage of the plant and the temperature range. The 
vernalization response in plants occurs only after a sufficient level of cold tolerance is 
achieved. In contrast, the process of cold acclimation is fast and is designed to respond to low 
temperatures as rapidly as possible, because plants need to be protected from freezing during 
fall and winter (Thomashow, 1999). Besides temperature, day-length is an important 
environmental signal regulating the main switch from vegetative to reproductive phase. Thus 
photoperiod and vernalization synchronize flowering to the changing season (Reeves and 
Coupland, 2000). 
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Arabidopsis remains the favourite model species to get insight into the complexity of 
flowering time regulation. During the last decade, the flowering network has been studied in 
detail in this species from which the complete genome sequence is known (Initiative, 2000), 
and for which many necessary genetic and molecular tools are available (Mouradov et al., 
2002). A large number of flowering time genes has been identified by the phenotypic analyses 
of several Arabidopsis mutants (Martinez-Zapater and Sommerville, 1990; Koornneef, 1991) 
and from the analysis of natural variation among various different Arabidopsis ecotypes 
(Johanson et al., 2000). Quantitative Trait Loci (QTL) mapping has been used to localize the 
loci linked to FRIGIDA (FRI) and FLOWERING LOCUS (FLC), which are to a large extent 
responsible for the natural variation in the vernalization response of different ecotypes. FLC 
encodes a MADS box transcription factor, which is induced by the presence of a dominant 
allele of FRI and its function as floral repressor is antagonized by vernalization in the winter 
annual types of Arabidopsis (Sheldon et al., 1999;  Michaels and Amasino, 1999). Similarly, a 
group of six recessive late flowering mutants (fca, fld, ld, fve, fpa and fy), under both long- 
and short-day photoperiod, can be completely restored by an extensive cold period 
(Koornneef et al., 1991). All these genes belong to the autonomous pathway and act by 
limiting FLC expression. These results clearly show that vernalization operates in a parallel 
pathway that is integrated with the light and autonomous pathway at the FLC locus.  
To get more insight in the molecular basis of the vernalization process, flowering mutants that 
are no longer responsive to low temperatures were characterized. The identification and the 
molecular analysis of VERNALIZATION1 (VRN1) and VERNALIZATION2 (VRN2), 
confirmed that epigenetic changes are part of the mechanism of cellular memory of 
vernalization (Bastow et al., 2004). VRN1 encodes a nuclear DNA binding protein and is 
involved in the regulation of the floral pathway integrator FT. The vrn1 mutant shows a 
reduced FT expression, while overexpression of VRN1 results in early flowering, and is 
associated with an increase in FT expression (Levy et al., 2002). The VRN2 protein shows 
homology to the Drosophila Polycomb group (PcG) protein Suppressor of zeste 12 (Su(z)12) 
(Gendall et al., 2001). VRN1 and VRN2 are not required for the direct down regulation of 
FLC during vernalization, but are needed for the maintenance of FLC repression. It has been 
demonstrated that specific DNA regions of the FLC promoter and of the first FLC intron are 
subject to methylation and deacetylation induced by vernalization. Recently, the VIN3 
(VERNALIZATION-INSENSITIVE3) gene was isolated, which encodes a protein with a plant 
homeodomain (PHD) and fibronectine type III repeats and is a member of the deacetylation 
complex that acts as a direct repressor of FLC expression at the end of the vernalization 
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period. VIN3 is active upstream of VRN1 and VRN2 and its expression is strongly up-
regulated, only after a long period of exposure to cold. The transcription of VIN3 is silenced 
soon after the plant is exposed to higher temperatures (Sung and Amasino, 2004). 
Despite the importance of all these findings, it is necessary to validate the Arabidopsis model 
of flowering time regulation in others plant species. Rice, from which the genome sequence 
has been elucidated (Goff et al., 2002), is generally accepted as model species for monocots. 
However, in contrast to Arabidopsis and many other cereals, rice is a subtropical species and 
does not require vernalization to flower. Therefore, the vernalization response has been 
studied directly in cereals that are sensitive to vernalization (Wang et al., 1995). Cereal 
species can be characterized as winter or spring accessions depending on their competence 
and ability to flower after exposure to long periods of low temperature. The spring varieties 
flower earlier and do not require vernalization whereas winter varieties depend on extensive 
cold periods to flower. Genetic studies performed in the past revealed that the temperature 
dependent timing of flowering is determined mainly by the epistatic interactions of two loci, 
VRN1 and VRN2 (distinct from the Arabidopsis genes with the same nomenclature). The 
dominance of VRN1 and the presence of a VRN2 recessive allele generate a spring growth 
habit. Conversely, plants with a recessive VRN1 and a dominant VRN2 allele generate a 
winter growth habit with a strict requirement for vernalization. Recently, the VRN1 locus of 
cereals was linked to a gene similar to the Arabidopsis meristem identity gene APETALA1 
(AP1), (Murai et al., 2003; Trevaskis et al., 2003; Yan et al., 2003), and the VRN2 locus to a 
new gene, encoding a protein with strong similarity to CONSTANS (CO) and CONSTANS-
like proteins of Arabidopsis (Yan et al., 2004). Detailed analyses have shown an epistatic 
interaction between VRN1 and VRN2; VRN1 expression is strongly induced in winter 
accessions upon an extensive period of cold treatment and in parallel to this, VRN2 levels are 
progressively reduced. In the spring habit of cereals the AP1-like mRNA is induced without 
any vernalization treatment and its expression is not repressed by VRN2. 
To compare the vernalization dependent pathway in grasses and dicot species such as 
Arabidopsis, a more complete set of vernalization responsive genes in cereals needs to be 
elucidated. Unfortunately, the genomic complexity and the large genome size of many grasses 
limit a genetic approach. Therefore, we performed a micro-array experiment to identify 
vernalization responsive genes from Lolium perenne. We scored for changes in gene 
expression during the cold treatment of 12 weeks, which revealed a number of novel putative 
regulators that respond to vernalization.  
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RESULTS  
Microarray preparation 
To investigate the vernalization response in Lolium perenne a cDNA microarray was 
constructed. Two different cDNA libraries were prepared from vegetative tissues of young 
plants, which were grown under normal and vernalization conditions, respectively, and in 
addition two existing cDNA libraries were used (Petersen et al., 2004). To select against 
highly abundant housekeeping genes, such as genes involved in general metabolism and 
photosynthesis, a pre-hybridization of the libraries was performed with a mixture of six 
“housekeeping clones” (not shown). By means of this pre-screening, approximately 25% of 
clones could be eliminated. The remaining clones were subjected to colony PCR and the 
obtained products were checked for size and yield. In total a number of 3650 cDNAs that 
complied with our quality criteria (see material and methods) were sequenced and the output 
file was blasted against the TAIR Arabidopsis sequence database 
(http://www.arabidopsis.org/). Based on this sequence information the clones were 
categorized in 15 functional groups according to the GO (Gene Ontology) of biological 
process (Garcia-Hernandez et al., 2002;   Rhee et al., 2003; Suppl. Fig. 1). In total about 1500 
different ‘contigs’ were obtained that subsequently, were spotted as unigenes onto the 
microarray. In addition, the array contained another 350 Lolium perenne clones from which 
no sequence information was available and a set of controls, which were necessary for the 
analysis of the microarrays. All clones were spotted in duplicate onto the arrays. 
 
Gene expression analysis 
Gene expression was monitored at different time points during a period of 12 weeks under 
cold-exposure. For this purpose Lolium plants were exposed to cold and total RNA was 
extracted from aerial plant tissues after 1, 3, 5, 7, 19, 26, 35, 43, 57, 71, and 79 days of cold 
treatment. Besides this, RNA was isolated from Lolium plants before the treatment (day 0). 
Each sample (target) was hybridized to the array and compared to a common reference. This 
reference was prepared by pooling equal amounts of RNA from all samples used. To assess 
the reproducibility of the microarray analysis, we performed technical (using swapped dyes) 
and biological replica hybridizations. A preliminary analysis of the data, generated from the 
hybridized arrays revealed that most of the changes in gene expression were detected during 
the first few days after exposure to cold.  
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It is known that immediately after exposure to cold plants give a relatively strong response to 
adapt to the changed environment (Thomashow, 1998;   Wanner and Junttila, 1999). In total, 
70 genes were identified that showed a minimal 2-fold difference in mRNA accumulation 
compared to the level of expression of the common reference. Hierarchical clustering of these 
70 genes (Fig. 1) revealed the presence of six expression clusters (Fig. 2). The genes in the 
first cluster (S1) exhibited high expression after cold induction and the expression is kept at 
this high level constantly. The second cluster (S2) comprises genes that are characterized by a 
rapid increase in expression at the first days of cold treatment followed by a slow down-
regulation until the end of the vernalization period. The third cluster (S3) represents a group 
of genes that are down-regulated as the plants are exposed to cold and almost restore their 
expression levels to levels of untreated plants at later time points. Seven genes appeared to be 
grouped in Cluster S4 and they showed a steady expression level during the first 6 weeks, but 
were strongly up-regulated in the last weeks of vernalization. Five genes were grouped in 
Cluster S5 and showed a decrease in their expression till day 19, followed by a rapidly 
increase during the later time points. In addition to the above mentioned clusters, one gene 
encoding a putative 2OG-Fe(II) oxygenase (named LpOX1; Cluster S6), was down-regulated 
during the whole cold treatment. The remaining clones present on the microarray did not 
show significant differences in expression levels. 
The array data were confirmed by northern blot analyses for a small group of five 
selected genes. From almost each cluster one representative gene was chosen and its 
expression pattern was analyzed (Fig. 3). In general, the expression patterns and levels 
deduced from either northern blots or cDNA microarray appeared to be comparable. 
 
Clusters of cold induced and vernalization responsive genes 
To get more insight in the individual genes that showed cold and vernalization responsive 
expression, their sequence and homology with known genes were analysed in more detail. 
Putative functions were predicted for the 70 differentially expressed genes based on 
annotation (NCBI/genebank, http://www.ncbi.nlm.nih.gov/) and sequence homology to 
known genes (Suppl. Table I). Genes such as LEA/dehydrin (late embryogenesis abundant 
family group ІІ) and COR (Cold Regulated) genes appeared to be grouped in Cluster S1.  
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Figure 1. Hierarchical clustering of 70 cold induced genes. 
All genes that showed a fold changes ≥2 are presented. The clustering analysis was done using an unsupervised 
data approach of unweighted pair group method with arithmetic mean (UPGMA) algorithm and a Pearson 
coefficient of similarity measure for the expression levels. Genes were grouped into six expression clusters based 
on their expression during the time course of vernalization (0, 3, 19, 43, and 79 days). Cluster S1 is marked with 
a yellow line, S2 with a blue line, S3 with a red line, S4 with a green line, S5 with an orange line and S6 with a 
black line. Cluster S6 is represented by just one gene.   
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Figure 2. Classification of differentially expressed genes into 6 clusters. 
Hierarchical clustering has been performed on a subset of 70 selected genes of the microarray. Fold changes 
were 2log transformed (ratio values for at least two replications of the microarray) in respect to some selected 
time points (days) during vernalization. Cluster S1 contains genes that exhibit high expression after 3 days and a 
constant expression till the end of the cold treatment. Cluster S2 contains genes with high expression at the first 
days of cold treatment followed by a slowly down-regulation until the end of the vernalization period. Cluster S3 
contains genes that are down-regulated during the first days of cold, and almost restore their normal expression 
level in the late time points. Cluster S4 consists of genes that have a steady expression level during the first 6 
weeks, but switch to a strong up-regulation in the last weeks of cold treatment. Cluster S5 represents five genes 
that show a decrease of their expression till day 19, rapidly followed by an increase during the later time points. 
Finally, cluster S6 represents the only gene that was down-regulated during the whole period of cold treatment. 
 
LEA D11 proteins accumulate in plants in response to low temperature and have shown to be 
involved in protecting macromolecules such as enzymes and lipids (Wise and Tunnacliffe, 
2004). COR genes comprise four gene families and are induced by CBF1 (CRT/DRE binding 
factor 1). Expression of these genes results in an increased freezing tolerance for non-
acclimated Arabidopsis plants (Jaglo-Ottosen et al., 1998). In addition, Cluster S1 includes 
genes that are involved in signal transduction (e.g. myo-inositol phosphate synthase, receptor  
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Figure 3. Confirmation of the microarray data by Northern blot analyses. 
(A) cDNA microarray expression data of five selected cold induced genes belonging to different expression 
clusters. In each graph, 2log transformed fold changes (y axis) are shown, in respect to some selected time points 
(days) during vernalization (x- axis). (B) Graph that displays the results from the northern blot analysis for the 
same set of selected genes. All blots were hybridised with gene specific probes and the relative hybridization 
signals were normalised with the signals for the constitutive expressed actin. 
 
protein kinase-like), and genes that participate in carbohydrate metabolism (e.g. putative Na+ 
dependent inorganic phosphate co-transporter). Cluster S2 includes genes encoding proteins 
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that are involved in amino acid and protein metabolism (e.g. S-adenosylmethionine 
decarboxylase, carboxypeptidase I precursor). Protein denaturation is often observed when 
plants are grown at low temperature, as a consequence of cellular damage. Cluster S3 contains 
genes involved in photosynthesis (Photosystem II) and cluster S5 comprises genes that might 
be related to stress (e.g. catalase) or defence (e.g. WRKY transcription factor). 
In contrast to the expression profiles of the clusters that have been described above, 
the expression profile of the genes in Cluster S4 is characterized by a late cold response. This 
group of seven clones includes one pathogenesis related protein, a putative wall-associated 
kinase 1 protein and three cDNAs encoding for transcription factors; a MADS box gene 
(LpMADS1, Petersen at al., 2004), a novel CONSTANS-like gene, which we named 
LpCONSTANS-like1 (LpCOL1), and a  JUMONJI like gene (JMJC), (Clissold and Ponting, 
2001), designated LpJMJC. Based on their expression patterns, the genes of cluster S4 and the 
down-regulated LpOX1 gene from cluster S6 may play an important role in the vernalization 
response and therefore, are characterized in more detail.   
 
Differential expression of Lolium transcription factors during vernalization 
Among the genes of cluster S4, the transcription factor LpMADS1 appeared to have a very 
low basal expression level during the first 43 days of cold treatment where after its transcript 
starts to accumulate to higher levels. Its expression profile was confirmed by northern blot 
analysis (not shown) and is in line with the published data and proposed regulatory role of this 
gene in vernalization (Petersen et al., 2004). Close homologues of LpMADS1 from other 
monocot species, like WAP1 from Triticum aestivum (Murai et al., 2003), TmAP1 from 
Triticum monococcum (Yan et al., 2003), and BM5 from barley (Trevaskis et al., 2003), have 
shown to be involved in the vernalization response as well.  
Another cDNA clone (DQ145928) of cluster S4, with a similar expression pattern as 
LpMADS1, encodes a CONSTANS-like protein (named LpCOL1). In Arabidopsis, the 
flowering time gene CONSTANS (CO) belongs to a family of 17 putative transcription factors 
defined by two conserved domains, the zinc finger region and the CCT domain (CO, CO- 
like, TOC1) at the N’ and the C’ terminus of the protein, respectively (Putterill et al., 1995; 
Strayer et al., 2000; Robson et al., 2001). The LpCOL1 clone isolated in this study contains 
the 3’-UTR (untranslated region) and the 3’ end of a predicted Open Reading Frame (ORF) 
that is homologous to the group III type of CO-like proteins (Griffiths et al., 2003). Based on  
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Figure 4. Phylogenetic tree and alignment of the selected C-terminal peptide sequences of CONSTANS-like 
group III proteins. 
(A) Phylogenetic tree. Comparisons were made using the amino acid sequence of CONSTANS-like proteins 
from the plant species Arabidopsis (AtCOL 9, AtCOL 10, AtCOL 11, AtCOL 12, AtCOL 13, AtCOL 14, 
AtCOL 15), Lolium perenne (LpCO-like), Oryza sativa (OsN and C60910), and Triticum monococcum (VRN2). 
Arabidopsis (CO) and Lolium perenne (LpCO) were included as outgroup. Boot strap values are indicated above 
each branch found in 1000 bootstrap replicas. 
(B) Alignment of the same proteins as in a). The conserved amino acids of the CCT- domain are shown in a box.
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this, a phylogenetic tree was generated and an alignment was made with the predicted amino 
acid sequences of the Arabidopsis and rice group III CO-like proteins (Fig. 4). This analysis 
revealed that LpCOL1 shows the highest degree of identity at amino acid level with the zinc- 
finger protein C60910 from Oryza sativa (70%), but does not have a clear homologue in 
Arabidopsis. Recently, the expression of clone C60910 (renamed OsP) was monitored during 
the vegetative and reproductive phase of rice, and appeared to remain stable. However, the 
expression of this gene was found to be under circadian control under both short day (SD) and 
long day (LD) photoperiod, following a similar oscillation pattern as Oryza sativa HEADING 
DATE 1 (OsHd1), (Shin et al., 2004).  
A third transcription factor in cluster S4 appeared to encode for a JUMONJI-like transcription 
factor (LpJMJC). This clone has 75% identity at the amino acid level, with a JUMONJI 
domain containing protein of rice (AAR06354). Recently, Clissold and Ponting have 
identified several eukaryotic proteins containing JmjC domains and classified them into seven 
groups based on sequence similarity (Clissold and Ponting, 2001). 
In addition to these three transcription factors from cluster S4 a putative WRKY transcription 
factor, LpWRKY1 (DQ145929), was selected for further analyses based on its identity and 
expression pattern. The micro array analysis revealed a decrease in mRNA levels after the 
first days of cold exposure but its expression was clearly up-regulated towards the end of the 
vernalization period (Fig. 3). In Arabidopsis it has been shown that many WRKY proteins  
are involved in a multitude of responses to biotic and abiotic stresses (Eulgem et al., 2000). 
The deduced amino acid sequence of LpWRKY1 shows the highest percentage of sequence 
identity with the AtWRKY50 protein of Arabidopsis (54% identity). AtWRKY50 belongs to 
one (IIc) of the five distinct subgroups of the group II WRKY members of transcription 
factors as characterized by Eulgem et al., 2000. A phylogenetic tree was generated using 
LpWRKY1 from Lolium, and the amino acid sequences of all Arabidopsis group II WRKY 
proteins (Suppl. Fig. 2). Analysis of LpWRKY1 revealed that this clone contains, like other 
members from Arabidopsis (AtWRKY50, AtWRKY51 and AtWRKY59), the hallmark 
heptapetide, WRKYGKK with a single amino acid substitution compared to the consensus 
sequence. Remarkably, the loss of binding to the TTGACC DNA element, well known as W 
box, is correlated with this mismatch in the heptapeptide motif (Dong et al., 2003). 
 
The LpOX1 gene is down-regulated during vernalization 
The micro array analysis showed that the expression of only one gene was significantly 
decreased during the time course of cold exposure (Fig. 3). This LpOX1 cDNA (DQ145927) 
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encodes a protein, which shares 44% identity with a 2OG-Fe(II) oxygenase enzyme 
(NP_910590) from rice. The same amino acid region, named 2OG-Fe (II) oxygenase is 
present in the sequence of an ACC oxidase protein (BAA76387). In plants, 2-Oxoglutarate 
(2OG)- and Fe(II)-dependent dioxygenases catalyse the formation of ethylene and catalyse the 
hydroxylation and desaturation reactions in the synthesis pathways of other plant hormones, 
pigments and compounds such as gibberellins, anthocyanidins and flavones (Aravind and 
Koonin, 2001).   
 
Expression profiling of the vernalization responsive genes under different photoperiods  
Changes in photoperiod are often a prerequisite for the developmental switch from the 
vegetative to the reproductive phase of a plant. Previous studies in Arabidopsis revealed that 
the photoperiod response is interrelated with the temperature pathway and that they together 
influence developmental growth (Fowler et al., 2001). Furthermore, it is known that perennial 
ryegrass is insensitive to day length for flowering induction during the vernalization period 
(Aamlid et al., 2000). However, after vernalization flowering is induced by long day 
conditions. To assess the role of photoperiod in regulating the genes of cluster S4 and S6, the 
vernalization treatment of Lolium was performed under both short day (SD) and long day 
(LD) light regime and the expression patterns of the LpMADS1 (S4), LpCOL1 (S4) and 
LpOX1 (S6) genes were monitored under these distinct photoperiodic conditions. For this 
purpose aerial plant material was collected from the Lolium plants grown under SD and LD 
conditions at different time points (after 1, 6, 19, 35, 43, 57, and 71 days of cold treatment), 
and subsequently, total RNA was extracted. The obtained expression patterns by northern blot 
analysis revealed that differences in photoperiod during vernalization did not have a 
substantial effect on the expression levels of these genes (data not shown).  
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DISCUSSION 
In the present study we performed a comprehensive analysis of the vernalization process in 
Lolium perenne by a cDNA microarray approach. Our results showed transcriptional changes 
upon cold treatment for at least 70 genes. The obtained expression patterns led to the 
clustering of the affected genes into 6 classes to which putative functions could be attributed 
based on the expression profiles and the predicted identity of genes present in each class. For 
the induction of flowering by vernalization, a long period of low temperatures is essential and 
therefore, genes involved in the vernalization response are expected to have an expression 
pattern in accordance with this behaviour. Although not many genes appeared to be up- or 
down-regulated after a long exposure to cold, we were able to identify a few genes with the 
expected expression pattern, and furthermore, their identity and homology to members of 
families of important regulators point to possible roles in the regulatory mechanism 
underlying the vernalization process. 
The first days of cold treatment were included in the analysis, because many 
biochemical and physiological changes in a plant occur rapidly after exposure to low 
temperature conditions and analysis of the complete period allows to separate cold 
acclimation and the vernalization response. Many genes that are directly responsive to the 
cold treatment or changing environmental conditions are dramatically upregulated during the 
first few days. Among them are expected genes such as COR /LEA (Cold-Responsive, Late 
Embryogenesis Abundant) genes, which play a role in cryo-protection by stabilizing the 
cellular membranes (Thomashow, 1999). 
Among the genes differentially expressed towards the end of the vernalization period, 
LpMADS1 was identified, which is of particular interest because many members of the 
MADS box transcription factor family appear to be involved in flower induction.  Recent 
reports revealed that the genes at the VRN1 locus of various cereals belong to the 
APETALA1(AP1)/AGL9 (SEP3) clade of MADS box transcription factors (Litt and Irish, 
2003). Examples are WAP1 from Triticum aestivum (Murai et al., 2003), TmAP1 from 
Triticum monococcum (Yan et al., 2003), and BM5 from barley (Trevaskis et al., 2003). 
Because LpMADS1 is close in sequence to these MADS box genes, it might be the candidate 
for the VRN1 locus in Lolium. Up-regulation of this gene at the end of the vernalization 
period has been reported before (Petersen et al., 2004) and this clearly shows that the micro-
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array analysis performed in this study is done in a proper manner and enables to identify 
putative regulators of the vernalization response.   
One of these putative novel regulators is the identified LpCOL1 gene, which has been 
selected because of its up-regulation towards the end of the vernalization period, like 
LpMADS1. Furthermore, it is homologous to the CONSTANS-like family of plant 
transcription factors, from which members have shown to be involved in the flowering 
process. Studies in Arabidopsis revealed that the CONSTANS (CO) gene (Putterill et al., 1995; 
An et al., 2004) plays an important role in the photoperiod flowering pathway. Recently, 
studies in perennial ryegrass (Lolium perenne) have gained insight into the function of the 
LpCO gene, demonstrating conservation of function between monocot and dicot species 
(Martin et al., 2004). LpCOL1 appeared to be different from LpCO and belongs to group III of 
the CO-like gene family (Griffiths et al., 2003). From none of the members of this group a 
function is known but the strong up-regulation towards the end of the cold period for 
LpCOL1, suggests a role in vernalization induced flowering. The VRN2 gene isolated from 
wheat encodes another protein with similarity to CO and CO-like proteins of Arabidopsis, but 
in contrast to LpCOL1, this gene is down-regulated during the vernalization period.  
Interestingly, the Neighbor Joining cluster analysis of the CO-like proteins showed that the 
VRN2 proteins form a separate group closely related to group IV (Yan et al., 2004). The CO-
like proteins belonging to group IV represent a novel class of this family and are found in 
cereals like barley and rice only, and not in Arabidopsis. In addition, the absence of any 
VRN2 orthologs in rice, suggest that the group IV of CO-like proteins may be specific to the 
temperate cereal species adapted to cold (Yan et al., 2004). Despite the fact that VRN2 and 
LpCOL1 are members of the same family, they belong to two different groups. Notably, 
group III to which LpCOL1 belongs, includes members of various species, like Arabidopsis, 
rice and Lolium, and this may suggest that they represent a class of genes that are more 
generally involved in the flowering induction process.  
A similar expression pattern of induction by a prolonged period of cold was observed 
for the JUMONJI-like gene LpJMJC. This family of transcription factors has been 
characterized in different organisms, like in animals, fungi and plants and might be involved 
in chromatin remodelling (Balciunas and Ronne, 2000; Clissold and Ponting, 2001). At this 
moment, limited information is available about the function of members of this family in 
plants. However, Noh and colleagues recently found two novel floral regulatory genes, ELF6 
(EARLY FLOWERING 6) and REF6, (RELATIVE OF EARLY FLOWERING 6), both 
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encoding for JUMONJI proteins. Chromatin ImmunoPrecipitation analysis (ChIP), using 
material from the ref6 mutant, showed hyperacetylation of the promoter region and first intron 
of the flower repressor FLC (Noh et al., 2004). In addition, previous ChIP experiments, using 
antiserum against VRN1 and VIN3, showed that the same domains of FLC were enriched for 
histone deacetylation and methylation (Sung and Amasino, 2004). Thus, these modifications 
probably lead to silencing of the floral repressor FLC by deacetylation and methylation of 
regulatory sequences of the FLC gene. In line with this and the results from the ChIP 
experiments in the ref6 mutant, Noh and colleagues have suggested that the REF6 JUMONJI 
protein might be a component of a histone deacetylase 1,2 (HDAC1/2) co-repressor complex 
involved in specific downregulation of FLC. Although LpJMJC is not a close homolog of 
REF6, its up-regulation towards the end of the vernalization process as has been identified in 
this study and the fact that it is a member of the same family of transcription factors, suggests 
an important role for this gene in the regulation of the vernalization response in Lolium. 
Based on the study of ELF6 and REF6 in Arabidopsis (Noh et al., 2004), LpJMJC may act at 
the molecular level as well through chromatin remodelling. It would be of great interest to 
determine whether the expression of the known cereal vernalization responsive genes VRN1 
(LpMADS1), and VRN2  might be regulated by chromatin modifications by proteins like 
LpJMJC, in a similar manner as has been shown for the Arabidopsis FLC gene (He et al., 
2004).  
 
MATERIALS AND METHODS 
Plant Material 
Lolium perenne plants were initially grown in soil under normal greenhouse conditions (210C, 
16 h light/8 h dark, LD). For the primary induction (vernalization) 3 weeks old plants were 
transferred to a growth-chamber with a temperature below 50C, for 12 weeks (10 h light/14 h 
dark, SD). Following vernalization plants were transferred to the greenhouse (210C, 16 h 
light/8 h dark, LD) for secondary induction. 
Lolium plants that were not subjected to the vernalization treatment failed to flower once that 
they were transferred to the greenhouse (210C, 16 h light/8 h dark, LD). 
For photoperiod studies, 2 weeks old Lolium plants were transferred to a temperature below 
50C for 12 weeks under either long day (16 h light/8 h dark, LD) or short day (8 h light/16 h 
dark, SD) photoperiod. 
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RNA extraction and purification 
Total RNA was isolated from aerial parts of Lolium plants using the LiCl method described 
by (Verwoerd et al., 1989). For the preparation of micro-array targets total RNA was digested 
with RNase-free DNase I (Roche) and the RNA was further cleaned with the RNeasy Mini kit 
(QIAGEN). The concentration and the purity of RNA were determined by measuring the 
absorbance at 260 nm (A260) and 280 nm (A280) in a spectrophotometer. 
 
RNA Gel Blot Analysis 
Total RNA (five to 15 µg) was denatured using the glyoxal method (Sambrook J, 1989) and 
separated on a 1.4% (w/v) agarose gel. After separation, the gel was capillary blotted onto 
Hybond-N+ membranes (Amersham Pharmacia). Gene-specific fragments from all of the 
tested genes were used as probes for hybridization. The probes were labeled by random 
oligonucleotide priming (Feinberg and Vogelstein, 1984), and blots were hybridized under 
stringent conditions as described by Angenent et al., (1992). Subsequently, blots were 
stripped by washing at 1000C in 0.5x SSC, and re-hybridized with a 1048 bp actin fragment to 
determine the loading. Based on these data, the obtained gene-specific signals were 
normalized (Quantity One-1D, BIO-RAD).  
 
Preparation of cDNA Libraries 
Four cDNA libraries were prepared from Lolium perenne. Two libraries (vernalized and non-
vernalized) were constructed in the Stratagene UNI-ZAP XR vector (Petersen et al., 2004) 
and two in the Stratagene HybriZAP-2.1 Two-Hybrid vectors. The “vegetative” libraries were 
prepared from RNA isolated from aerial parts of 3 weeks old vegetative Lolium plants, which 
were never exposed to cold. The “vernalized” libraries were prepared from the aerial parts of 
plants subjected to 90 days of vernalization. The titers of the libraries varied between 8x106 
and 3x107 pfu/ml (this were amplified libraries) and the average insert size was 1.1 kb. In-
vivo mass excision and isolation of library plasmid DNA was done according the 
manufacturer’s description.  
 
Microarray preparation and isolation of unigenes 
To select against highly expressed house-keeping genes a pre-screening of the cDNA libraries 
was performed. Each independent cfu of E.coli was re-suspended in LB freezing medium (36 
mM K2HPO4 , 13.2 mM KH2PO4 , 1.7 mM Trisodium citrate, 0.4 mM MgSO47H2O, 6.8 mM 
(NH4)2(SO4), 4.4% glycerol (v/v), 10 g tripton, 5 g yeast-extract, 5 g NaCl) supplemented 
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with 100 mg/l ampicilin, and aliquoted in 96- well microtitre plates. Following growth at 
37°C each individual clone was deposited with a 96 pin replicator (Westburg) on an agar 
selection plate (100 mg/l Ampicilin) and grown. The 96 well microtiter plates were stored at -
800C, as glycerol stock. The obtained colonies were transferred to Hybond-N+ membranes 
(Amersham Pharmacia). Subsequently, the membranes were placed on Whatmann paper 
saturated with denaturation buffer (0.5 N NaOH, 1.5 M NaCl) for 5-10 min and then placed 
on Whatmann paper saturated with neutralization-buffer (1.5 M NaCl, 0.5 M Tris/HCl, pH 
7.2) for 5-10 min. The membranes were hybridized with a mixture of clones involved in 
general metabolism and photosynthesis (chlorophyll a/b-binding protein (CAA44777), 
ribulose-biphosphate carboxylase (AF097361), photosytem І (M61146), malate 
dehydrogenase (AF346003), coat protein (AAQ82724) and putative RNA- dependent 
polymerase (AAK97522). The majority of these ‘housekeeping’ genes could be eliminated by 
this pre-hybridization of the libraries. The remaining 80% of clones were subjected to PCR to 
amplify the inserts. The PCR reaction was prepared in 100 µl, containing specific forward and 
reverse primers designed on the vector sequences directly flanking the insert, 1X PCR buffer, 
0.4 µM of each primer, 0.1 mM dNTPs and 1.25 units of Taq polymerase. PCR was 
performed as follows: 940C for 2 min; 5 cycles of 940C for 30 s, 560C for 1 min, and 1.5 min 
at 720C; 40 cycles of 940C for 30 s, 540C for 1 min, and 5 min at 720C. Afterwards, the PCR 
products were purified with the Qiaquick 96 PCR purification kit (Qiagen). A small aliquot of 
each PCR purified product was loaded on a 1.5% (w/v) agarose gel to assess quality and 
quantity. All fragments smaller than 200 bp or with a yield lower than 2 µg were eliminated. 
In total 3650 amplified clones have been selected and sequenced (BigDye kit v1.1 RR-100, 
Applied Biosystems), yielding 1500 unique contigs based on blasting against the NCBI 
sequence databases. DNASTAR software (DNASTAR, Madison, WI) was used for DNA 
analysis. 
Besides the about 1500 amplified unigenes another 350 clones obtained from the PCR 
reactions, but from which no sequence information was available, and a set of control clones 
were spotted. All fragments were arrayed from 384 microtitre plates onto GAPS aminosilane-
coated micro slide glass (Corning) using a PixSys 7500 arrayer (Cartesian Technologies) 
equipped with Chip-maker 3 quill pins (Telechem). Slides were post-processed as described 
before (van Doorn et al., 2003).  
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Preparation of fluorescent Targets  
Total RNA, isolated from Lolium plants, prior to vernalization and at different time points 
during vernalization (after 1, 3, 5, 7, 19, 26, 35, 43, 57, 71, and 79 days), was used for first-
strand cDNA synthesis. The reverse transcription reaction was performed in a 50 µl volume 
containing 40 µg RNA spiked with 1.0 ng of in vitro synthesized luciferase mRNA (Promega) 
with 2 µg oligo(dT) 21-mer, 500 µM each of dATP, dGTP, dCTP and 300 µM dTTP, 200 µM 
aminoallyl-dUTP, 5x first strand buffer (Life Technologies), 10x DDT (0.1 M), 40 U 
RNaseOUT (Life Technologies) and 300 U SuperScript II RNase H-Reverse transcriptase 
(Life Technologies). Reverse transcription was performed at 370C for 2 h. The samples were 
ethanol precipitated and dissolved in 20 µl Tris-EDTA pH 8.0, after which cDNA/mRNA 
hybrids were denatured at 980C for 5 min and chilled on ice immediately. RNA was degraded 
by adding 5.0 µl 1 N NaOH (10 min at 370C). After adding 5.0 µl 1 M HEPES pH 6.8 and 4.0 
µl 1 N HCl, the cDNA was precipitated with ethanol and resuspended in 10 µl 0.1 M sodium 
carbonate buffer pH 9.3. Cy5 and Cy3 monofunctional NH-S esters (Amersham Pharmacia) 
were dissolved in 45 µl of DMSO and used to label the modified cDNA at room-temperature 
for 30 min. Finally, the labeled cDNA was ethanol-precipitated twice and dissolved in 8.1 µl 
MQ water. 
 
Microarray hybridization  
Volumes (8.1 µl) of each fluorescent target were mixed together in a hybridization solution 
(Ambion, 80µl). Prior to use, the microarray slide was pre-heated at 500C and the fluorescent 
targets were heated at 950C (1 min), cooled on ice and mixed with the pre-heated 
hybridization buffer (680C). A total of 65 µl was applied to the microarray under a Gene 
Frame (ABgene) and the hybridization was done overnight at 500C. After hybridization, the 
slides were washed by agitation successively at room temperature in 1x SSC, 0.1% (v/v) SDS 
(5 min) followed by 0.1x SSC, 0.1% SDS (v/v) (5 min) for two times. Subsequently, slides 
were rinsed briefly in 0.1x SSC before drying by centrifugation (5 min, 277 x g).  
 
Data Collection, Normalization and Cluster Analysis 
Arrays were scanned with the ScanArray Express HT (Perkin Elmer). Image analysis and 
signal quantification was performed with AIS software (Imaging Research). Background 
fluorescence was calculated on the basis of the fluorescence signal of the negative controls 
genes, the yeast (Saccharomyces cerevisiae) aspartate kinase, yeast imidazole-glycerol-
phospate dehydratase, yeast phosphoribosyl-amino-imidazole carboxylase, and jellyfish 
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(Aequoria Victoria) green fluorescent protein (van Doorn et al., 2003). Signals not reaching 
the threshold level of 0.5x background were skipped from the analyses. As typical experiment 
design we used a ‘common reference’ and consecutive time point samples. The average 
estimated variance of this design of time-course experiment is estimated to be a value of 2.00. 
The intensity ratios, after median normalization, were calculated for each clone and a log-
transformation was performed. All the clones that were missing ratio values for more than 3 
time points were excluded from the analysis. The clustering analysis was done using an 
unsupervised data analysis approach of unweighted pair group method with arithmetic mean 
(UPGMA) algorithm and a Pearson coefficient of similarity measure for the expression levels. 
This was followed by self-organizing map clustering.  
 
Statistical Analysis of Microarray Data 
Two different statistical approaches, ANOVA and REML (Residual Maximum Likelihood), 
have been used to analyse the obtained microarray data, in order to perform a quality control, 
a location effect check and a variance component determination for all the arrays. The quality 
control was made to assess the reproducibility between plots A vs. B (the two blocks A and B 
are spotted in duplicates onto the array containing the same clones). In order to compare 
technical and biological variability, a variance components analysis was done using the model 
clone (time-points/biological-duplicates/arrays/replicas). Biological replicates were nested 
within time-points, arrays within biological replicates (those are, in fact, the swaps for one of 
the biological replicates), and replicates spots within arrays. Strong outliers between the A 
and B replicates were left out from further analyses using the Genstat regression/anova 
criterion. After this, 1808 of the 1920 clones were kept for further analyses. These were 
analysed with ANOVA and REML for significance of the time differences. From the REML 
(‘Residual Maximum Likelihood’) analyses (separate analyses per clone), the means per time-
point and the standard errors of differences of means were obtained. From the ANOVA F-
prob and REML Chi-prob, it can be deduced whether time points were differing significantly 
(criterion: both < 0.01). From the t-probs the significance of the three time point differences 
can be found. 
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SUPPLEMENTARY DATA 
 
 
 
Suppl. Figure 1. Functional annotation of the Lolium cDNA sequences. 
The functional categorization is based on homology to Arabidopsis proteins. The about 1500 unique clones of 
the microarray were submitted to the TAIR database using the Blast X algorithm. Hits with cut off value e < 
1X10-2 were functionally characterised following the TAIR-GO annotation nomenclature of the biological 
processes (http://www.arabidopsis.org/). Only 30% of the lolium sequences submitted in the TAIR database 
showed too low homology, or no hit, and were excluded. 
Functional Categorization for GO Biological Processes
other metabolic processes (32,2%)
protein metabolism (11,6%)
other physiological processes (9,6%)
transport (8,9%)
biological processes unknown (8,6%)
electron transport or energy pathways (5,1%)
response to abiotic or biotic stimulus (3,8%)
other cellular processes (3,7%)
cell organization and biogenesis (3,5%)
response to stress (3,4%)
other biological processes (2,7%)
transcription (2,4%)
DNA or RNA metabolism (1,9%)
development processes (1,4%)
signal transduction (1,2%)
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Suppl. Figure 2. Phylogenetic tree of selected members of the WRKY protein family. 
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Suppl. Table 1. Selection of 70 cold induced and vernalization responsive Lolium genes identified by cDNA 
microarray. 
Selection of 70 cold induced and vernalization responsive lolium genes identified by cDNA microarray. 
 
Functional Category 
 
Gene 
number 
Expression 
cluster         Gene annotation 
 
Carbohydrate metabolism         
 
 
 
 
     1 
 
     1 
 
    4 
 
 
    S3  
  
     S2 
      
     S1 
 
 
 
beta-glucosidase 
 
glucose-6-phosphate/phosphate                                    
translocator precursor 
putative Na+-dependent inorganic phosphate co-
transporter, two putative transketolase, transketolase 
precursor 
 
Photosynthesis                          
 
     1 
 
     S3 
 
Photosystem II 
 
Detoxification                           2      S5    Two catalase 
Amino acid metabolism 
 
     4 
 
     
     2 
     S2 
 
      
     S1 
Two adenosylmethionine decarboxylase,  
S-adenosylmethionine decarboxylase precursor, 
carboxypeptidase I precursor 
two glutamate decarboxylase 
 
LEA protein 
 
Signal transduction 
     1 
 
     1         
     S1  
 
     S2 
LEA D- 11 dehydrin 
 
kinase 
 
      4 
 
 
     
     1 
 
     1 
     S1 
    
 
     
     S4        
      
     S1 
5-adenylylsulfate reductase, protein kinase, 
chloroplast RelA homologue 1, myo-inositol 
phosphate synthase 
 
putative wall-associated kinase 
 
serine threonine protein kinase 
Lipid metabolism      1  
 
     1 
     S1 
     
     S1 
 
4-coumarate-CoA ligase-like protein 
 
Lipoxygenase 2  
Dehydrin 
 
     S1 
 
dehydrin (ERD10) 
 
Unknown 
(putative protein) 
     1 
 
     7 
     3 
     5 
     2 
     2         
 
     S1 
     S2 
     S3 
     S4 
     S5 
 
 
Transport facilitation 
 
     1      S1 
 
P-type ATPase 
 
Cell cycle 
 
     1      S1 
 
Plant defence 
  
     3 
     1 
 
     S1 
    S4               
Zeaxanthin epoxidase 
 
RGH1A, PR, PR 1a 
pathogenesis-related protein 1a 
 
Nucleotide transport and 
metabolism 
 
     1      S3 Inosine-5'-monophosphate dehydrogenase 
 
Membrane protein      1      S3 Noduline like protein 
Protease      1      S1 Tripeptidyl peptidase  
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COR protein 
 
     1      S1 WCOR80 
Chlorophyll biosynthesis 
 
     2 
 
      
     1 
     S1 
 
 
     S2 
protoporphyrin IX magnesium chelatase, Mg-
chelatase subunit,  
 
protoporphyrin IX magnesium chelatase 
 
Cytochrome P450 
      
     1 
       
     S1 
  
Cytochrome P450 
Protein transport complexes 
 
Transcription factor 
 
 
Catalytic activity 
 
 
 
Light regulation 
 
     2 
 
 
     3   
     1  
 
     1  
     1 
     
     3  
  S1 
 
 
  S4 
  S5 
 
  S6 
  S2 
  
  S3 
Putative myosin heavy chain-like protein 
TPR 
 
MADS-box, CO-like, JUMONJI protein 
WRKY 
 
2OG-Fe(II) oxygenase 
DEA/DEAH RNA helicase 
 
three putative light regulated proteins 
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ABSTRACT 
Regulation of flowering time is best understood in the dicot model species Arabidopsis 
thaliana. Molecular analyses revealed that genes belonging to the MADS box transcription 
factor family play pivotal regulatory roles in both the vernalization and photoperiod regulated 
flowering pathways. Here we report the analysis of three APETALA1(AP1)-like MADS box 
proteins (LpMADS1-3) and a SHORT VEGETATIVE PHASE(SVP)-like MADS box protein 
(LpMADS10) from the monocot perennial grass species Lolium perenne. Features of these 
MADS box proteins were studied by yeast two-hybrid assays. Protein-protein interactions 
among the Lolium proteins and with members of the Arabidopsis MADS box family have 
been studied.  The expression pattern for LpMADS1 and the protein properties suggest that 
not the Arabidopsis AP1 gene, but the SUPPRESSOR OF CONSTANS1 (SOC1) gene, is the 
functional equivalent of LpMADS1. To obtain insight in the molecular mechanism underlying 
the regulation of LpMADS1 gene expression in vernalization sensitive and insensitive Lolium 
accessions, the up-stream sequences of this gene from a winter and spring growth habit 
variety were compared with respect to MADS box protein binding. In both promoter 
elements, a putative MADS box transcription factor binding site (CArG-box) is present; 
however, the putative spring promoter has a short deletion adjacent to this DNA motif. 
Experiments using yeast one-hybrid and gel retardation assays demonstrated that the promoter 
element is bound by an LpMADS1-LpMADS10 higher-order protein complex and 
furthermore, that this complex binds efficiently to the promoter element from the winter 
variety only. This strongly supports the model that LpMADS1 together with LpMADS10 
controls the vernalization dependent regulation of the LpMADS1 gene, which is part of the 
vernalization-induced flowering process in Lolium.  
 
INTRODUCTION 
Timing of the transition from vegetative to reproductive development is determined by 
various environmental and endogenous factors. The synchronization of flowering time is a 
complex process that is best studied and understood in the model system Arabidopsis 
thaliana. In this species, flowering is determined by four major promoting pathways: long-
day photoperiod, gibberellin (GA), the autonomous pathway, and vernalization (reviewed in 
Jack, 2004). Although these pathways can act independently, the balance of their signals is 
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integrated by a common set of genes that determine the appropriate time of flowering 
(Putterill et al., 2004).  
The vernalization requirement of Arabidopsis is mainly controlled by two loci: 
FRIGIDA (FRI) and FLOWERING LOCUS C (FLC). The natural allelic variation at the FRI 
and FLC loci, among different accessions of Arabidopsis, accounts for most of the difference 
in flowering time between early (summer) and late (winter) flowering ecotypes (Napp-Zinn 
1985; Burn et al., 1993; Koornneef et al, 1994; Clarke and Dean, 1994; Johanson et al., 2000; 
Michaels et al., 2003). In summer-annual ecotypes flowering is rapidly induced in the absence 
of vernalization (Michaels et al., 2003). In contrast, in winter-annual accessions, vernalization 
is required for flowering and prevents the plant for a premature response, before the start of 
the spring. Dominant alleles at the FLC locus interact synergistically with dominant alleles of 
FRI to confer an extremely late flowering response (Simpson et al., 1999). FLC encodes a 
MADS box transcription regulator and high levels of its expression correlate with the 
inhibition of flowering. The inhibitory role of FLC on the floral transition appeared to be 
caused by the repression of so called floral pathway integrator genes, like SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS1/AGAMOUS LIKE20 (SOC1/AGL20). SOC1 encodes a 
MADS box transcription factor as well, and its expression is detected during vegetative 
growth and particularly, in the shoot apical meristem (Borner et al., 2000; Lee et al., 2000; 
Samach et al., 2000). SOC1 expression is positively regulated by photoperiod and gibberellin, 
and by vernalization (Ledger et al., 2001; Moon et al., 2003; Sheldon et al., 2006). Detailed 
expression analyses during plant growth of flowering time mutants indicated that SOC1 
mediates the promotion of flowering (Rouse et al., 2002; Moon et al., 2003; Moon et al., 
2005; Yoo et al., 2005; Searle et al., 2006). The two closely related MADS box genes 
AGAMOUS-LIKE24 (AGL24) and SHORT VEGETATIVE PHASE (SVP) act reciprocally in 
the regulation of flowering time. AGL24 promotes the positive effect of SOC1 in flower 
transition (Yu et al., 2002; Yu et al., 2004), while SVP acts in a dosage-dependent manner as 
a repressor of flowering (Hartmann et al., 2000).  
Molecular studies of the interactions among the flowering pathway integrators 
confirmed that SOC1 functions upstream of LEAFY (LFY) and APETALA1 (AP1), which are 
two genes regulating floral meristem formation (Moon et al., 2005). AP1 fulfills a dual 
function and is a floral meristem identity gene and in addition, is functional as floral homeotic 
gene, to specify floral organ identity of the outer two whorls (A-function). Remarkably, a 
similar function for an AP1-like gene in floral organ development has never been shown in 
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other species (Theissen et al., 2000). Ferrandiz and colleagues (2000) showed that AP1 is 
redundant in floral meristem determination with the closely related paralogues FRUITFULL 
(FUL) and CAULIFLOWER (CAL). Furthermore, the characterization of ful single, ful ap1 
double and ful ap1 cal triple mutants, revealed the role of the FUL gene in floral meristem 
formation, but showed that this gene has also a role in carpel and fruit development (Gu et al., 
1998).   
Until recently, it was unclear whether a comparable model for flowering time 
regulation by integration of several inductive pathways exists in monocots (Andersen et al., 
2004). Cereal species can be characterized as winter or spring accessions depending on their 
competence and ability to flower after exposure to long periods of low temperature. The 
spring varieties flower earlier and do not require vernalization, whereas winter varieties 
depend on extensive cold periods to flower. In many cereal species the epistatic interactions 
of two loci, VRN1 and VRN2 determine the setting of the flowering time transition. Molecular 
analyses in various cereals revealed that the VRN2 locus encodes a CONSTANS(CO)-like 
gene and the VRN1 locus an AP1-like MADS box gene. Examples of the latter are TmAP1, 
also named WAP1, BM5 and LpMADS1 from wheat, barley and Lolium, respectively 
(Petersen et al., 2004). The expression of these three genes is strongly induced by 
vernalization in winter varieties (Danyluk et al., 2003; Murai et al., 2003; Trevaskis et al., 
2003; Petersen at al, 2005). Furthermore, overexpression of AP1-like genes from grass 
species, and ectopic expression of some of these genes in model species, like Arabidopsis and 
tobacco, resulted in early flowering phenotypes (Khang et al., 1997; Jeon et al., 2000; Gocal 
et al., 2001; Fornara et al., 2004). This all pointed to an important role for the cereal AP1-like 
genes in floral induction. Remarkably, no FLC-like MADS box gene has been isolated from 
cereals so far.  
All the above discussed MADS box proteins involved in the flowering process, in both 
dicots and monocots, belong to the type-II class of plant MADS box proteins. This class of 
proteins contain a conserved modular structure consisting of four different functional 
domains; from N- to C-terminus, the MADS-box (M), the intervening region (I-region), the 
coiled-coil keratin like (K-box), and the C-terminal region (Riechmann and Meyerowitz, 
1997). Biochemical and molecular studies have proven that specific dimerization and higher-
order complex formation are important for the functioning of these proteins and the 
interaction patterns appeared to be conserved for MADS box proteins from various plant 
species (Egea-Cortines et al., 1999; Immink et al., 2002; Favaro et al., 2003). Furthermore, it 
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has been shown that the CArG box is the consensus binding site for MADS domain 
transcription factors. This DNA motif consists of 10 bases with the consensus sequence 
CC(A/T)6GG (Treisman, 1986; Hayes et al., 1988). Several reports revealed that the 
expression of members of the MADS box family is controlled by the MADS box proteins 
themselves, establishing an auto-regulatory loop mechanism (Schwarz-Sommer et al., 1992; 
Gomez-Mena et al., 2005; Zhu and Perry, 2005).  
In this study, we present the characterization of three Lolium AP1-like genes, 
LpMADS1, LpMADS2 and LpMADS3, and one Lolium SVP-like gene, LpMADS10. Previous 
studies have shown that the expression of LpMADS1, LpMADS2 and LpMADS3 is induced 
during vernalization in both leaves and the shoot apex (Petersen et al., 2004), whereas in 
contrast, the expression of LpMADS10 is strongly down regulated by vernalization in the 
shoot apex (Petersen at al, 2006). Here we report the further characterization and comparison 
of the LpMADS1, LpMADS2 and LpMADS3 genes with close relatives from Arabidopsis and 
the conservation of the protein interaction patterns of the encoded proteins. Furthermore, part 
of the putative promoter of the LpMADS1 gene was studied by yeast one-hybrid studies and 
by in vitro binding assays. These analyses revealed a specific binding of the LpMADS1-
LpMADS10 heterodimer to the CArG box present in the vernalization responsive LpMADS1 
promoter.  
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RESULTS 
Lolium MADS box genes potentially involved in flowering 
Previous studies in Lolium perenne have identified three APETALA1(AP1)-like genes named 
LpMADS1, LpMADS2 and LpMADS3, and one gene that belongs to the SHORT 
VEGETATIVE PHASE (SVP)/AGAMOUS-LIKE 24 (AGL24)-clade, named LpMADS10 
(Petersen et al., 2004; Petersen et al., 2006). Based on their expression patterns and 
similarities with close relatives from Arabidopsis, these genes may potentially be involved in 
controlling the transition from vegetative to generative growth. To get a better insight in the 
sequence similarities between the proteins encoded by these Lolium genes and to compare 
these proteins to the MADS box regulators of flowering in Arabidopsis, a phylogenetic tree 
has been generated (Figure 1A). Subsequently, an alignment (Figure 1B) has been made for 
the predicted amino acid sequences of LpMADS1, LpMADS2 and LpMADS3, and the 
Arabidopsis proteins AP1 and FUL, which are the most closely related based on the 
phylogenetic tree. The same has been done for LpMADS10 and the Arabidopsis proteins SVP 
and AGL24 (Figure 1C). The comparison between LpMADS1 and LpMADS2 revealed a 
high degree of identity (71%, similarity 79%), while in contrast, LpMADS3 and LpMADS1 
share only 48% (similarity 64%) of their amino acid sequences. The Arabidopsis AP1 and 
FUL proteins have 51% (similarity 68%) and 49% (similarity 68%) of their sequence in 
common with LpMADS1, respectively, and both Arabidopsis proteins share 45% (similarity 
62% and 59%, respectively) of their sequence with LpMADS3. The C terminal domain of the 
LpMADS1, LpMADS2 and LpMADS3 proteins showed a less conserved amino acid 
sequence, though a conserved FUL-like motif (L/MPPWML) can be identified at the very C 
terminal region of all three Lolium proteins. Although there is clear overlap in the protein 
sequences, based on this comparison it cannot be concluded which of these LpMADS genes is 
the candidate gene that has a function similar to AP1 from Arabidopsis.  
LpMADS10 shares 50% (similarity 70%) of amino acid sequence with SVP and only 
41% (similarity 65%) with AGL24. Furthermore, LpMADS10 appeared to be 76% identical 
(similarity 90%) to the putative floral repressor TaVRT-2, recently isolated from Triticum 
aestivum (Kane et al., 2005). Based on this sequence comparison and the expression analyses 
performed by Kane and colleagues (2005) and Petersen et al. (2006), LpMADS10 might be 
the most similar in function to TaVRT-2 and SVP, from wheat and Arabidopsis, respectively. 
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Figure 1. Phylogenetic tree and alignments for the Lolium MADS box transcription factor proteins.  
(A) Phylogenetic tree. Comparison was made using the amino acid sequence of MADS-box proteins from 
Arabidopsis (AGL24, SVP, SOC1, FLC, MAF1-5, AGL6, AGL13, SEP1-4, AP1, CAL, FUL), and Lolium 
perenne (LpMADS1, LpMADS2, LpMADS3, LpMADS10). Boot strap values are given in percent and are 
indicated above each branch. (B) Alignment of LpMADS1, LpMADS2 and LpMADS3 of Lolium with the AP1 
and FUL proteins from Arabidopsis. (C) Alignment of LpMADS10 from Lolium with SVP and AGL24 from 
Arabidopsis and TaVRT-2 from Triticum aestivum. 
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Protein-protein interactions of the Lolium MADS box proteins  
The high similarity between LpMADS1 and LpMADS2 protein sequences suggests that they 
may have similar functions and hence, overlapping interaction patterns, as it has been showed 
for other redundant proteins such as SEPALLATA1 (SEP1) and SEP3 (de Folter et al., 2005). 
To get insight in the dimerization specificity of the four Lolium proteins, a binary yeast two-
hybrid screen has been performed (Table 1). Both LpMADS1 and LpMADS2 were able to 
form homodimers and heterodimers with each other; while in contrast, LpMADS3 behaves 
differently in these interactions. Remarkably, all three AP1-like Lolium proteins were able to 
heterodimerize with the LpMADS10 protein.  
To investigate the interaction capacity of the four Lolium proteins in more detail, a 
heterologous yeast two-hybrid screening was performed by screening against the entire 
collection of Arabidopsis MADS box proteins fused to the GAL4 binding domain (BD) (de 
Folter et al., 2005). This heterologous interaction screen may provide information about the 
conservation of protein features between Lolium and Arabidopsis. Not all combinations could 
be tested, because some of the Arabidopsis proteins have shown to give rise to auto-activation 
in this yeast system (de Folter et al., 2005). The results of the screening for LpMADS1 and 
LpMADS2 are shown in table 2. As expected, both proteins have an identical interaction 
pattern. Notably, we observed many protein interactions between these two Lolium proteins 
and Arabidopsis MADS box proteins involved in flowering time, such as SVP, AGL24, and 
SUPPRESSOR OF CONSTANS (SOC1), but also with proteins playing a role in floral organ 
formation, like FRUITFULL (FUL), AGAMOUS (AG), and SEP2. LpMADS10 has a 
number of interactions in common, but also revealed distinct interactors (table 2). 
Remarkably, LpMADS3 failed to interact with any protein of the Arabidopsis MADS box 
collection. Re-sequencing the AD-LpMADS3 construct did not reveal mutations, and the 
same construct was used in the screen for interactions with the other Lolium proteins (Table 
1), which exclude a trivial reason for the lack of interactors.    
To allow a good comparison between the heterologous interaction patterns of the Lolium 
MADS box proteins and the interaction patterns of the Arabidopsis MADS box proteins 
involved in flowering, Venn diagrams were created (Figure 2).  Comparison of the LpMADS1 
sequence with the sequences of Arabidopsis MADS box genes revealed that AP1 and FUL are 
the closest relatives, suggesting that they may play a similar developmental role (Figure 1A, 
B).  
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pBD\pAD vector LpMADS1 LpMADS2 LpMADS3 LpMADS10 
 
LpMADS1 
LpMADS2 
LpMADS3 
 
+ 
+ 
-- 
 
+ 
+ 
+ 
 
-- 
-- 
-- 
 
+ 
+ 
+ 
 
Table 1. Yeast two-hybrid analysis for the LpMADS proteins. Yeast was spotted onto medium lacking adenine 
and medium lacking histidine, supplemented with 5 mM 3AT, and all combinations that were giving growth on 
both selection media were scored as an interaction (+). No interaction is indicated by “- -“.   
 
Though AP1 expression is not detectable in vegetative organs, but starts to be expressed in the 
floral meristem at an early stage of floral development and specifies the identity of sepals and 
petals (Mandel et al., 1992; Mandel and Yanofsky, 1995). 
In contrast with the function of AP1, there are indications suggesting that LpMADS1 is 
an early regulator of the flowering process in Lolium (Petersen et al., 2004; Petersen et al., 
2006). Therefore, we took in consideration whether LpMADS1 and SOC1, despite their low 
sequence identity (38%), may share the same interacting proteins, since both proteins function 
as flowering regulators in Lolium and Arabidopsis, respectively. Remarkably, almost all 
proteins to which SOC1 interacts appear to form dimers with LpMADS1 as well (Figure 2A). 
The interaction map of AP1 completely overlaps with the interaction map of LpMADS1, and 
the same is the case for FUL. Although AP1 and FUL miss many interactions observed for 
LpMADS1 and SOC1, indicating that they are clearly distinct with respect to interaction 
selectivity. In figure 2B the Venn diagram is given for LpMADS10 and the Arabidopsis 
proteins SVP and AGL24. LpMADS10 has a broader set of interactors then the two 
Arabidopsis proteins, but all MADS proteins forming dimers with SVP and AGL24 also 
interact with LpMADS10. 
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Interactors of: 
LpMADS1        LpMADS2      LpMADS10 
Full protein name 
AG AG -- AGAMOUS 
SHP1 SHP1 SHP1 SHATTERPROOF1 
SHP2 SHP2 SHP2 SHATTERPROOF2 
SEP4I/II SEP4I/II -- SEPALLATA4I and II 
SEP2 SEP2 SEP2 SEPALLATA2 
FUL FUL FUL FRUITFULL 
STK STK STK SEEDSTICK 
-- -- AGL10 CAULIFLOWER 
-- -- AGL12 AGL12 
AGL13 AGL13 AGL13 AGL13 
AGL14 AGL14 AGL14 AGL14 
AGL15 AGL15 AGL15 AGL15 
SOC1 SOC1 SOC1 SUPPRESSOR OF CONSTANS1 
AGL21 AGL21 AGL21 AGL21 
SVP SVP SVP SHORT VEGETATIVE PHASE 
AGL24 AGL24 -- AGL24 
-- -- AGL25 FLOWERING LOCUS C 
AGL42 AGL42 AGL42 AGL42 
AGL44 AGL44 AGL44 ANR1 
-- -- AGL68 AGL68 
-- -- AGL71 AGL71 
-- -- AGL96 AGL96 
 
Table 2. Heterologous yeast two-hybrid screen. Interactions between LpMADS1, LpMADS2 and LpMADS10, 
and the Arabidopsis MADS box protein collection. LpMADS3 did not interact with any of the Arabidopsis 
proteins. All interaction events resulted in yeast growth on selective medium lacking adenine and selective 
medium lacking histidine, supplemented with 5 mM 3-AT. No interaction is indicated by “- -“.   
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Figure 2. Comparison of interaction maps for Lolium and Arabidopsis MADS box proteins. 
(A) Venn diagrams showing the yeast two-hybrid interactions of LpMADS1 identified in this study and the 
interaction maps of AP1, SOC1 and FUL according to de Folter et al. (2005). The Venn diagram of AP1 is 
presented in a green eclipse, FUL in brown, LpMADS1 in orange, and SOC1 in light blue. 
(B) Venn diagrams showing the yeast two-hybrid interactions of LpMADS10 identified in this study and the 
interaction maps of SVP and AGL24 according to de Folter et al. (2005). The Venn diagram of LpMADS10 is 
presented in an orange eclipse, SVP in green, and AGL24 in light blue. Not all combinations could be tested, 
because some of the Arabidopsis proteins have shown to give rise to auto-activation in this yeast system (de 
Folter et al., 2005). 
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Characterization of the putative LpMADS1 promoter sequence 
To get more insight in the role of LpMADS1 in the flowering process and how the expression 
of this gene is regulated, the upstream sequences of a spring and winter growth habit variety 
were analyzed. Recently, Petersen and colleagues (2006) isolated and analysed the putative 
LpMADS1 promoter from the winter variety Lolium perenne F6, and from two spring growth 
habit varieties, Lolium temulentum and Lolium multiflorum Westerwoldicum (WW). The F6-1 
winter variety is vernalization dependent for flowering and its LpMADS1 gene is up-regulated 
towards the end of the vernalization process. In contrast, the two spring varieties flower 
independently from vernalization and have expression of LpMADS1 throughout the vegetative 
phase. Here, we compared the LpMADS1 F6 (winter) and WW (spring) promoter sequences. 
In figure 3 an alignment is given for these two promoter sequences. Remarkably, among the 
InDel (Internal Deletions) and SNPs (Single Nucleotide Polymorfisms) found, a deletion of 9 
bp was identified in the spring variety WW, directly adjacent to a conserved putative MADS 
box transcription factor binding site, the CArG box [CC(AT)6AG].  
Previously, similar work in wheat showed a deletion adjacent to a putative CArG-box in the 
promoter sequences of many spring accessions (Yan et al., 2003; Yan et al., 2004). The 
presence of a putative MADS box transcription factor binding site (CArG box) suggests that 
LpMADS1 is regulated either by another MADS box transcription factor, or alternatively that 
it is able to regulate its own expression via an auto-regulatory feedback loop. Both negative 
and positive auto-regulatory feed-back mechanisms have been hypothesized for plant MADS 
box transcription factors (Schwarz-Sommer et al., 1992; Trobner et al., 1992; Goto and 
Meyerowitz, 1994; de Folter et al., 2005; Gomez-Mena et al., 2005).  
 
Yeast one-hybrid experiments with LpMADS1 winter and spring promoter fragments  
For MADS box transcription factors it is known that they bind DNA either as homodimers or 
as heterodimers in vitro (Riechmann et al., 1996; West et al., 1998). Based on the 
observations that the LpMADS1 promoter contains a putative CArG box and that LpMADS1 
forms a heterodimer with LpMADS10, it has been hypothesized that the LpMADS1-
LpMADS10 heterodimer could act as a negative auto-regulator complex for the LpMADS1 
promoter (Petersen et al., 2006). Furthermore, Petersen and colleagues suggested that the 
deletion in close proximity to the CArG box in the putative LpMADS1 promoter of the spring 
accessions may affect the binding by the MADS box protein(s). To test these hypotheses, 
LpMADS1 winter and spring promoter elements were tested in the yeast one-hybrid system  
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Figure 3. (A) Sequence of the 2149 bp LpMADS1 promoter from L. perenne. The 163 bp of the 5’ UTR region 
are indicated by dots. Putative Dof3 core sequence motifs (AAAG) and light response elements, such as I-box 
with the consensus (GATAA), and the Sp1 consensus motif (GGGCGG) are indicated in bold lines. The MYB 
binding consensus sites (MBS) (CAACTG) and  (CGGTCA) are also shown. For the motif searches within the 
LpMADS1 promoter sequence the database PlantCare (http://oberon.fvms.ugent.be:8080/PlantCARE/) and the 
program MatInspector (http://www.genomatix.de/cgi-bin/matinspector/matinspector.pl) were used (Lescot et al., 
2002; Cartharius et al., 2005). (B) Schematic representation of the LpMADS1 promoter cassette of L. perenne 
(F6). The position of the three CArG box motifs is indicated by  numbering relatively to the predicted 
transcription start site (+1). The CArG box at position -609 has been shown to be functional by the yeast one 
hybrid experiment. A predicted initiator region (INR) is indicated by a box and is located just upstream the 5’ 
untranslated region (UTR). (C) Comparison of the LpMADS1 upstream sequence of the F6 (winter) variety and 
the WW (spring) variety. The putative CArG box is marked in grey and a box is placed around the stretch of 
DNA used for the gel-shift experiments. 
 
against various Lolium MADS box heterodimers. The results of this screening are presented 
in table 3 and revealed that the LpMADS1-LpMADS10 heterodimer was able to bind strongly 
to the F6 winter promoter fragment, while it did hardly interact with the WW spring promoter 
fragment. Similarly, although weaker than the LpMADS1-LpMADS10 heterodimer, binding 
to the LpMADS1 F6 promoter fragment was scored for the LpMADS2-LpMADS10 and 
LpMADS3-LpMADS10 heterodimers. 
 
Electro Mobility Shift Assays (EMSAs)  
In vitro EMSAs were performed to confirm the differences in binding of MADS-domain 
proteins to the two varieties of the LpMADS1 promoter. The probes were derived from DNA 
fragments surrounding and including the putative CArG box (see Figure 3), cloned into the 
pHISi vector. We identified binding of LpMADS1 and LpMADS10 homodimers to the winter 
(F6) and spring (WW) type CArG boxes, however binding was stronger to the winter type 
(Figure 4A). A similar difference in binding efficiency between the F6 and WW promoter 
elements was observed with the LpMADS1 and LpMADS10 heterodimer (Figure 4A). 
Surprisingly, with this combination of proteins a super-shift was obtained, which suggests that 
a higher-order complex is formed by these two proteins. 
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Table 3. Yeast one-hybrid with LpMADS1 upstream sequences.  
The yeast clones with the integrated WW (spring) and F6 (winter) reporter constructs were both giving back-
ground growth on selective medium lacking histidine and supplemented with 3-AT, up to a concentration of 15 
mM. Strong growth on selective medium is indicated with a “+”, slow growth with “+/-“, and no growth and 
hence the lack of a protein-DNA interaction by “-“.  
Selection medium lacking HIS with indicated concentration 3AT (mM) Promoter 
element 
pADGAL4 
insert 
pTFT1 insert 
5 15 20 25 30 40 50 60 
WW spring - - + +/- - - - - - - 
F6 winter - - + +/- - - - - - - 
WW spring LpMADS1 LpMADS10 + +/- +/- +/- - - - - 
F6 winter LpMADS1 LpMADS10 + +/- + + + + + +/- 
WW spring LpMADS2 LpMADS10 + +/- - - - - - - 
F6 winter LpMADS2 LpMADS10 + +/- + + +/- - - - 
WW spring LpMADS3 LpMADS10 + +/- - - - - - - 
F6 winter LpMADS3 LpMADS10 + +/- + + - - - - 
WW spring LpMADS10 LpMADS10 + +/- - - - - - - 
F6 winter LpMADS10 LpMADS10 + +/- + + + + + + 
 
To get a better understanding of the composition of the LpMADS1 and LpMADS10 
containing complex, deletion constructs have been generated for LpMADS1. Subsequently, 
these C-terminally deleted versions of LpMADS1 were used together with the full-length 
LpMADS10 protein, in order to distinguish homo- from heterodimers based on height 
differences of the retarded bands in the native gel. Our results demonstrate that LpMADS10 is 
able to form DNA-binding heterodimers with both C-terminally deleted versions of 
LpMADS1. This is indicated by the intermediate bands in the gel shifts (Figure 4B). No super 
shift band was observed in the shifts with C-terminally deleted versions of LpMADS1 
together with LpMADS10, sustaining the importance of the C-terminus in higher-order 
complex formation of MADS domain proteins. 
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Figure 4. Electro Mobility Shift Assay 
(EMSA) with the LpMADS1 promoter 
fragments. 
(A) Analysis of the winter F6 probe and 
spring WW probe for binding by 
LpMADS1, LpMADS10 and a 
combination of these two proteins. The 
binding homodimers are indicated by an 
arrow and binding of LpMADS1 + 
LpMADS10, which results in a super shift, 
is indicated by an asterisk.  
(B) Binding of the LpMADS1 F6 (winter) 
promoter fragment by C-terminally 
truncated LpMADS1 proteins.  
The LpMADS1-MIK1/2-LpMADS10 
heterodimers are indicated by and arrow 
and the supposed higher-order complex of 
LpMADS1 and LpMADS10 is marked 
with an asterisk. 
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Heterologous targeted yeast one-hybrid screening 
To determine whether other MADS box transcription factors are able to bind to one of the two 
LpMADS1 promoter elements, a yeast one-hybrid screening against a collection of MADS 
box proteins and MADS box protein dimers was performed. Unfortunately, such a collection 
is currently not available from Lolium. However, as mentioned before, comparison of protein-
protein interaction maps from MADS box proteins derived from different species, like 
Antirrhinum, Petunia and Arabidopsis revealed a high degree of conservation (Immink and 
Angenent, 2002). Therefore, we decided to screen the Lolium LpMADS1 winter and spring 
promoter fragments against the collection of Arabidopsis MADS box transcription factors and 
their identified dimers (De Folter et al., 2005; see material and methods).  The various yeast 
clones expressing a single Arabidopsis MADS box protein or a dimer were mated with either 
the winter or spring promoter element in front of the HIS3 reporter gene and spotted onto 
selective plates containing 30mM 3AT to select for putative binding factors (Suppl Figure 1). 
The results of this experiment were validated by an independent replicate experiment and 
revealed that a number of single MADS box proteins from Arabidopsis bind to the F6 winter 
type promoter element, but fail to bind to the WW spring type promoter fragment (Table 4). 
Possibly, the presence of the deletion flanking the CArG-box in the putative spring promoter 
(WW) affects the DNA-binding affinity. In line with this, only the putative winter promoter 
(F6) revealed interactions with a selective subset of the Arabidopsis MADS box dimers 
(Table 4). Remarkably, 6 of these dimers consist of at least one protein that is involved in the 
flower transition process, like the dimers AGL24-AGL6, AGL97-MAF1 and SEP3-SVP. 
 
Yeast one hybrid library screening with the VRN1 promoter region of L. perenne 
In order to identify cDNAs encoding MADS proteins or other kind of transcription factors 
that could bind the VRN1(LpMADS1) promoter element containing the putative CArG-box 
element a yeast one-hybrid strategy was used (Suppl. Fig. 2). As bait for the yeast one-hybrid 
experiment we selected a 516 bp promoter fragment (from -157 to -673) of the VRN1 gene 
from the L. perenne winter variety F6.  We have decided to use this promoter region instead 
of a repeated sequence of synthetic CArG boxes, because in this way the natural context of 
the putative CArG box is maintained intact, which probably is important for recognition of 
the element by specific trans-acting DNA-binding proteins. Initially, the construct carrying 
the selected promoter fragment has been integrated into the yeast genome and colonies were 
selected on a concentration range of 3 amino-triazole (3AT), to identify clones with a low  
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Table 4. Heterologous yeast one-hybrid screening of the LpMADS1 promoter elements against the Arabidopsis 
MADS box proteins and MADS box protein dimers. All proteins and dimers bind to the F6 winter promoter 
fragment only, and not to the WW spring DNA sequence. 
Binding MADS box proteins Binding MADS box protein dimers 
SEP2 AP1-AGL6 
SEP4-II AGL24-AGL6 
STK AGL24-AG 
AGL12 SEP1-AGL21 
AGL38 ABS-SEP1 
AGL57 SEP3-SVP 
AGL58 FUL-AG 
AGL59 AGL74N-AGL12 
AGL60 AGL74N-AGL77 
AGL61 AGL78-AGL102 
AGL65 AGL78-AGL77 
AGL68 AGL97-AGL26 
AGL71 AGL97-MAF1 
AGL85 AGL97-AGL53 
AGL86 AGL99-AGL43 
AGL99 AGL99-AGL77 
 
level of background expression for the HIS3 reporter gene. Subsequently, the obtained yeast 
reporter strain has been transformed with two different cDNA libraries, which were prepared 
from RNA isolated from leaves of plants subjected to vernalization (V) and leaves of plants 
grown under normal greenhouse conditions (NV), respectively. Both libraries were prepared 
by cloning the cDNA inserts behind the coding region of the GAL4 activation domain (GAL4 
AD). About 9 × 105 yeast transformants have been obtained from each library transformation 
and ~200 positives colonies were picked in total, after growth on selective medium.  In total 
150 inserts of the pADGAL4 vector from the selected positive yeast clones were amplified by 
PCR, and the obtained fragments have been purified and sequenced. In the next step the 
sequences were compared against the NCBI database and unfortunately, this yielded no 
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relevant hits. None of the isolated clones appeared to have any homology to sequences 
encoding for transcription factors or is containing a known DNA binding domain.  
 
DISCUSSION 
Characterization of the VRN1 loci from cereal species revealed that these loci contain genes 
belonging to the APETALA1(AP1) clade of the MADS box family. Examples are 
WAP1/TaVRT-1 (Triticum aestivum, Danyluk et al., 2003; Murai et al., 2003), TmAP1 
(Triticum monococcum,Yan et al., 2003) and BM5 (barley, Trevaskis et al., 2003). Three 
genes have been isolated from Lolium perenne that belong to this AP1/AGL9 clade, named 
LpMADS1, LpMADS2 and LpMADS3 (Petersen et al., 2004), from which LpMADS1 co-
localizes with the VRN1 locus (Jensen et al., 2005). The expression of the LpMADS1 gene is 
strongly up-regulated upon prolonged periods of cold (Petersen et al., 2004; Ciannamea et al., 
2006), and is further enhanced by long day photoperiods (Petersen et al., 2004). The 
expression of LpMADS2 and LpMADS3 is also induced by vernalization and enhanced by 
long day conditions, however, to a lesser extent. These expression patterns and the strong 
homology with other cereal VRN1 genes suggest a role for LpMADS1, LpMADS2 and 
LpMADS3 in the vernalization mediated induction of flowering.  
A comparison of LpMADS1 with the Arabidopsis MADS box proteins revealed a high 
similarity with FRUITFULL (FUL) and based on this, FUL might be the functional 
homologue of LpMADS1. However, the activity of the FUL gene is required for carpel and 
fruit development (Gu et al., 1998) and furthermore, FUL has an early and redundant function 
in the specification of floral meristem identity, together with AP1 and CAULIFLOWER (CAL) 
(Gu et al., 1998; Ferrandiz et al., 2000). Therefore, despite the fact that LpMADS1 and FUL 
are close in amino acid sequence, they seem to full-fill different functions. Functionally, 
LpMADS1 acts more like SOC1 from Arabidopsis, which is a dosage dependent mediator of 
flowering, and like LpMADS1, this gene is strongly and positively regulated by the 
vernalization and autonomous pathways, and weakly by the photoperiod pathway (Moon et 
al., 2005; Sheldon et al., 2006). Completely in line with this hypothesis, the heterologous 
yeast two-hybrid screen performed in this study revealed that LpMADS1 forms dimers with 
the same partners as SOC1. Furthermore, the expression pattern of LpMADS1 is very similar 
to that of SOC1 (Moon et al., 2005), which also supports the idea that these genes are 
functionally related. The question remains how two closely related MADS box genes from 
Chapter 3 
 
66 
Lolium and Arabidopsis have evolved different functions? Recently, Causier and colleagues 
(2005) showed that the two orthologous genes from Arabidopsis and Antirrhinum, 
SHATTERPROOF (SHP) and PLENA (PLE), respectively, have clearly different functions. 
Surprisingly, the paralogue of SHP, which is AG in Arabidopsis, is the functional homolog of 
PLE, while they have not been derived from the same ancestral gene. This example shows 
that duplicated genes may evolve independently by neo-functionalization and diverge in 
function from the orthologous genes that originated by speciation. In the case of AP1 and 
SOC1, their ancestral MADS box gene may have duplicated into an AP1 and SOC1 lineage 
before the separation of monocot and dicot species, and even before the origin of 
angiosperms. Reminiscent with the situation for AG-SHP one of the ancient paralogues, i.e 
AP1 has diverged, while SOC1 retained its original function, which is conserved in monocots. 
Although we didn’t provide evidence that the Lolium AP1-like gene LpMADS1 is the 
functional equivalent of the Arabidopsis SOC1 gene, our results suggest that these MADS box 
genes play a similar role in the floral transition process.     
Do LpMADS1, LpMADS2 and LpMADS3 have redundant functions?  
LpMADS1, LpMADS2 and LpMADS3 have been placed in the AP1/AGL9-clade of 
MADS box genes based on phylogenetic analysis and furthermore, the expression of all three 
genes is induced by prolonged periods of cold (Petersen et al., 2004). This suggests that these 
three genes may play redundant roles in vernalization-induced flowering. Previous 
phylogenetic studies placed LpMADS1 in a subgroup together with the supposed orthologous 
genes LtMADS1, BM5, OsMADS14 and ZMM4, while LpMADS2 grouped together with 
LtMADS2, BM8, OsMADS15, and ZAP1, from Lolium temulentum, barley, rice and maize, 
respectively (Gocal et al., 2001; Petersen et al., 2004). Remarkably, there are strong 
similarities in gene expression patterns between members of the first group (LpMADS1, BM5 
and LtMADS1), which transcripts are induced in leaves from vernalized plants. In contrast, the 
members of the second group (LpMADS2, BM8 and LtMADS2) are not or very lowly 
expressed in leaves. Nevertheless, in the shoot apical meristem (SAM) the expression of both 
LpMADS1 and LpMADS2 is induced by vernalization (Petersen et al., 2004). We have shown 
that LpMADS1 and LpMADS2 have an identical heterologous interaction pattern and interact 
specifically with many of the Arabidopsis MADS box proteins involved in the flowering 
process. This all together strongly suggests that LpMADS1 and LpMADS2 are, at least 
partially, functionally redundant and are both involved in vernalization-induced flowering. 
LpMADS3 is also up-regulated in the SAM by vernalization, but it is clearly distinct from 
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LpMADS1 and LpMADS2 and placed in a separate subgroup that contains only monocot 
genes (Peterson et al., 2004). Like LpMADS1, the LpMADS3 protein forms a heterodimer 
with LpMADS10, but it is not able to interact with any of the Arabidopsis MADS box 
proteins. Based on these results, we cannot rule out that LpMADS3 also has a function as 
floral inducer, nevertheless it has most likely diverged in function when compared to the 
related genes LpMADS1 and LpMADS2. 
 
Regulation of LpMADS1 expression  
Although there is strong evidence that LpMADS1 is involved in the induction of flowering 
upon a prolonged period of cold, it is still not clear how the up-regulation of its expression by 
vernalization is regulated at the molecular level. Based on the facts that the expression of 
LpMADS10 is down-regulated upon vernalization, that the upstream sequence of the 
LpMADS1 gene contains a CArG-box, which is the consensus binding site for MADS box 
transcription factors, and that LpMADS1 and LpMADS10 are able to heterodimerize, it is 
tempting to speculate that this heterodimer is involved in the regulation of LpMADS1 
expression. Recently, Petersen and colleagues (2006) hypothesized a possible scenario for the 
regulation of LpMADS1 expression. According to their model, LpMADS1 expression is 
repressed by a default status, characterized by non-inductive environmental conditions. Then, 
during vernalization, down-regulation of LpMADS10, the presumed SVP orthologue, permits 
the increase of LpMADS1 expression. Thus, the control of flowering is controlled by the 
delicate balance between LpMADS10 and LpMADS1 transcripts levels. A similar way of 
regulation has been suggested for the LpMADS1 homolog from wheat, TaVRT1 (Kane et al., 
2005).   The yeast one-hybrid and EMSA experiments performed in this study support this 
hypothesized control mechanism. Both the LpMADS1 and LpMADS10 homodimers, are able 
to bind the putative LpMADS1 promoter and bind more efficiently to the LpMADS1 F6 
(winter) promoter element than to the LpMADS1 WW (spring) promoter sequence. Besides 
binding by these homodimers, the LpMADS1-LpMADS10 heterodimer appeared to bind 
strongly to the F6 (winter) promoter element only. Probably, the LpMADS10 homodimer is 
involved in the initial repression of LpMADS1 expression in winter accessions during the 
vegetative stage. Subsequently, LpMADS10 expression drops due to the prolonged exposure 
to low temperatures, which coincides with an up-regulation of LpMADS1 expression. This 
may result in the preferred formation of LpMADS1-LpMADS10 heterodimers, which then 
further activate LpMADS1 expression. Finally, LpMADS10 expression is completely switched  
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Figure 5.  Molecular model for LpMADS1 
regulation by MADS box proteins in Lolium 
winter varieties. Based on the quartet model 
for MADS box transcription factor 
functioning two possible protein-DNA 
complexes are hypothesized. 
(A) Binding of the LpMADS1 promoter 
fragment by a quaternary complex consisting 
of two LpMADS1-LpMADS10 
heterodimers. (B) Both LpMADS1 and 
LpMADS10 are able to homodimerise. 
Though it seems that in the presence of the 
two proteins heterodimerisation                             
is preferred, the formation of a                             
ternary complex consisting of  
                                                                                                            two homodimers can not be excluded. 
 
off, and LpMADS1 expression can be maintained via a positive auto-regulatory loop by an 
LpMADS1 containing protein complex. 
For all tested Lolium homodimers and heterodimers a weaker binding, or even no 
binding, was obtained when the LpMADS1 WW (spring) promoter element was used. This 
lack of binding suggests that the small deletion present in the WW (spring) promoter 
fragment, just downstream the CArG box disturbs the protein-DNA binding. This is 
particularly interesting because the CArG box itself is identical in both promoter fragments 
and it provides for the first time evidence that DNA sequences flanking the CArG-box are 
important for MADS box transcription factor binding.  
Surprisingly, the LpMADS1-LpMADS10 heterodimer seems to bind to the LpMADS1 
F6 (winter) promoter element as a higher order complex. In line with the quartet model (Egea-
Cortines et al., 1999; Theissen and Saedler, 2001), we hypothesise that this is a complex 
consisting of two LpMADS1-LpMADS10 heterodimers (Figure 5). However, the quartet 
model predicts that the two dimers within the complex bind to two adjacent CArG boxes, 
upon bending of the DNA, but the LpMADS1 promoter fragments used in this study contains 
only one CArG sequence motif. Though a 2.1 kb LpMADS1 upstream sequence has been 
isolated recently (K. Petersen and K.K. Nielsen, unpublished results), and this DNA sequence 
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appeared to contain two additional putative CArG boxes, which can be used as binding sites 
by the higher order complex.  In conclusion, the results presented here provide strong 
evidence that LpMADS1 plays an important role in the vernalization-induced flowering 
process, in a way similar to SOC1 in Arabidopsis. Furthermore, LpMADS1 expression could 
be regulated by the LpMADS1 protein itself via an auto-regulatory mechanism, possibly in a 
higher-order complex with other MADS box proteins. This study shows once more the 
importance of plant MADS box transcription factors, and their dynamic behaviour, in the 
regulation of the flowering process in both monocots and dicots. 
 
Pitfalls and advantages of the yeast one-hybrid technology  
Over the years, several methodologies have been described and implemented to identify 
transcription factors binding to specific cis-regulatory elements, like for example DNAse 
footprinting, Electrophoretic Mobility Shift Assay (EMSA), the yeast one-hybrid system 
(Y1H) and chromatin-immunoprecipitation (ChIP) (Weitzman, 2003). DNAse footprinting 
and EMSA are two methods, often used in combination, while the ChIP technology allows the 
purification of in vivo protein-DNA complexes, followed by the identification of the bound 
DNA sequence (Orlando, 2000). Despite the power of these techniques in the characterization 
of DNA binding proteins, the Y1H method allows the simultaneous identification of novel 
regulatory elements for a gene of interest, and the protein that is able to bind this element. The 
Y1H system has been mainly used with multiple copies of short (up to 30 bp) cis elements, or 
with single copies of large DNA sequences (e.g., gene promoter), as baits. The advantage of 
using the full promoter for a gene of interest is that in one screen all the regulatory elements 
contained in this DNA sequence are analysed (Deplancke et al., 2004). Large Y1H screenings 
of cDNA expression libraries often result in a certain percentage of false positive protein-
DNA interactions. Therefore, the proteins found to bind the DNA sequence by the Y1H 
experiment need to show the same DNA affinity by further in vitro assays. Furthermore, the 
complexity of the library used in the screening, is one of the aspects that affects the efficiency 
of the system and can give rise to a lack of positives. For example, under-represented or 
absent transcription factor ORFs in the libraries, can bias the recovery of positive colonies. In 
addition, transcription factors that require heterodimerization for their DNA binding, will be 
missed (Riechmann et al., 1996; Deplancke et al., 2004).  
In this study a promoter fragment of 516 bp from the F6 Lolium winter variety was used as 
bait in the Y1H system, and screened against two cDNA expression libraries. Unfortunately, 
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none of the cDNA inserts isolated from the positive yeast clones appeared to encode for a 
transcription factor. These negative results suggest that the system needs some improvements. 
Due to the low complexity of the cDNA libraries (see Material and Methods) several 
transcription factors families probably were underrepresented. In addition, the cDNA was 
synthesized from total RNA isolated from leaves, in which a considerable fraction of 
transcripts are related to general metabolism and photosynthetic pathways. It might be 
possible to improve the screening by using libraries prepared from RNA isolated from the 
meristematic apex. Alternatively, an enrichment for specific transcripts could be done by 
subtractive methods.  
 
MATERIAL AND METHODS 
Sequence analysis 
Amino acid sequence alignments were performed using the ClustalW program (Thompson et 
al., 2004). A Neighbor-Joining tree was calculated with MEGA3.1, with the model Poisson 
correction (184 sites, 10.000 bootstrap replicates).  
 
Yeast two-hybrid analyses  
The LpMADS1, LpMADS2, LpMADS3 and LpMADS10 open reading frames were generated 
by PCR and subsequently cloned into pENTRTM/D-TOPO (Invitrogen). In the next step, each 
obtained pENTRTM Directional TOPO vector was recombined with the GATEWAY 
destination vectors pDESTTM32 (pBDGAL4, bait) and pDESTTM22 (pADGAL4, prey) from 
Invitrogen. Due to technical problems we were not able to obtain the pBDGAL4-LpMADS10 
construct. All the generated bait vectors were transformed into yeast strain PJ69-4α (MATα; 
(James et al., 1996) and all prey vectors into strain PJ69-4a (James et al., 1996), and the 
transformants were selected on SD plates lacking Leu and Trp, respectively. Subsequently, 
the obtained bait plasmids containing the full-length sequences of LpMADS1, LpMADS2 and 
LpMADS3, respectively, were tested for auto-activation of the yeast reporter genes. Addition 
of 5 mM of 3-amino-1,2,4-triazole (3-AT) appeared to be sufficient to abolish the basal HIS3 
expression caused by the transcriptional activity of the C-terminal domains of these three 
proteins. All Lolium proteins were screened for heterodimerisation capacity and in a 
heterologous yeast two-hybrid screening against the “pBDGAL4 – Arabidopsis MADS” 
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collection (de Folter et al., 2005). The mating-based screening and selection for positives has 
been performed as described by de Folter et al, 2005. 
 
Yeast one-hybrid experiments 
The MATCHMAKER One-Hybrid System (Catalogue # K1603-1) has been used to study 
protein-DNA interactions. For this purpose the putative promoter fragments of LpMADS1 
from Lolium perenne (clone F6, DLF-TRIFOLIUM,) and from Lolium multiflorum (variety, 
Westerwoldicum, WW) were amplified by Pfu polymerase and subsequently, cloned into the 
pGEM-T Easy vector (Promega). For the F6 fragment the primers PRO596 
(GAGCTCAATCATGCGCACGAGACGACGC) and PRO597 
(TCTAGAAAGGGTTCCGTTCCGGCAAGGG) have been used, giving a fragment of 516 
bps, and for the WW fragment primers PRO598 
(GAGCTCATGCGCACGAGACGACGTAGTC) and PRO599 
(TCTAGAATCTGGGGCAGATCGCGG), yielding a fragment of 568 bps. After enzymatic 
digestion by SacI and XbaI the F6 and WW promoter fragments were gel-purified and cloned 
into the SacI and XbaI linearised pHISi vector (Clontech), resulting in the plasmids pHISi-F6 
and pHISi-WW, respectively. Initially, pHISi-F6 and pHISi-WW have been integrated into 
the yeast genome of strain PJ69-4α (James et al., 1996) and subsequently, the obtained yeast 
clones were selected on a concentration range of 3-AT, to identify clones with a low level of 
background (<20 mM 3-AT) expression for the HIS3 reporter gene. For the screening of a 
promoter fragment against a heterodimer and the heterologous yeast one-hybrid screening the 
conventional yeast one-hybrid system has been slightly modified, to enable expression of two 
putative DNA binding proteins. All identified Arabidopsis MADS box transcription factor 
dimers (De Folter et al., 2005) and the LpMADS1-LpMADS10 heterodimer have been 
reconstituted in yeast strain PJ69-4a. For this purpose the yeast expression vector pTFT1 
(Egea-Cortines et al., 1999) has been made Gateway compatible by cloning the Gateway RfB 
cassette (Invitrogen) into the blunted EcoRI restriction site, giving plasmid pARC352. 
Subsequently, the complete Arabidopsis MADS box transcription factor collection has been 
recombined into the pARC352 destination vector. In the next step, the various “pTFT1 – 
MADS” constructs were transformed to yeast clones that contain already a specific 
“pADGAL4 – Arabidopsis MADS” construct (de Folter et al., 2005). The LpMADS1-
LpMADS10 heterodimer was reconstituted in yeast as pADGAL4-LpMADS1 and pTFT1-
LpMADS10.  
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Electro Mobility Shift Assay (EMSA) 
As templates for the probes we used the plasmids pHISi-F6 and pHISi-WW, described above. 
The DNA probes for the shifts were produced by PCR with biotinylated primers PRO716 
(FW_pHISi vector, GTAATACGACTCACTATAGG) and PRO717 (RV_pHISi vector, 
ATCGATTCGCGAACGCGT) using Pfu polymerase, and gel-purified using the QIAEXII-
kit. 30 or 40 fmol of probes were used per lane (see figure legends for details). The full 
LpMADS1 and LpMADS10 coding sequences, as well as C-terminally deleted versions were 
amplified using modified primers introducing NcoI and BamHI sites, and then cloned into the 
pSPUTK-vector. LpMADS1-MIK1 encodes for a protein of 158 amino acid residues and 
LpMADS1-MIK2 for a protein of 174 amino acid residues. The resulting constructs were 
checked for PCR errors by sequencing. In vitro translation and EMSA assays were performed 
as described in Kaufmann et al. (2005).  
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SUPPLEMETARY DATA 
 
 
 
Suppl. Figure 1. Outline of the yeast one hybrid approach. 
The Lolium promoter fragments were integrated into the yeast reporter strain (MATα) which was tested against 
the single Arabidopsis MADS box proteins fused to the GAL4-AD (De Folter et al., 2005) and the collection of 
dimers. The baits and the prey were systematically mated by spotting them on top of each other on a plate with 
non-selective medium. (A) After overnight incubation, the spots were transferred to a plate selecting for diploid 
yeast containing the promoter element and single plasmid (pAD-GAL4) or the combination of both plasmids 
(pAD-GAL4 and PTFT1. (B) The plates were incubated for two days at 30 0C and then the yeast was transferred 
to two separate selection plates (C), SD –Trp/-His + 5mM 3AT or SD –Trp/-Ade/-His + 5mM 3AT and scored 
for DNA binding.  
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Suppl. Figure 2. The yeast one hybrid method for the identification of DNA-binding proteins. 
(A) The yeast one hybrid system is based on the GAL4 functional transcription activation domain (GAL4 AD). 
To conduct the Y1H assay, a specific target element upstream of two reporter genes (HIS3 and lacZ) need to be 
integrated into the yeast genome of a reporter strain which contains two different integration loci (HIS3 and 
URA3). Subsequently, this yeast reporter is used to screen a library of candidate cDNAs fused to the activation 
domain (GAL4 AD). If the cDNA insert encodes a DNA-binding protein interacting with the selected enhancer 
element, then there will be expression of the reporter gene. Upon growth in selective medium lacking histidine or 
by a β-galactosidase assay, the positive transformants are selected. Finally, by AD/library plasmid rescue and 
sequencing of the clone the identity of the encoded protein will revealed. (B) The modified yeast one hybrid 
method is based on the same procedure described above. Instead of a library screening the yeast reporter strain 
carrying in its genome the selected promoter elements is tested against the single Arabidopsis MADS box 
proteins fused to the GAL4-AD (De Folter et al., 2005) and the collection of dimers. For this purpose the 
transformed yeast is spotted onto plates containing 3AT, to select for putative binding factors. 
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ABSTRACT 
A MADS box gene previously isolated from Lolium perenne and designated LpMADS1 has 
been functionally characterized in Arabidopsis by an overexpression approach. Strong 
sequence similarity suggests that LpMADS1 is related to the floral meristem identity genes 
AP1 (APETALA1), FUL (FRUITFULL) and CAL (CAULIFLOWER) from Arabidopsis. 
However, recently various research groups have proposed that LpMADS1 acts as a dosage 
dependent mediator of flowering, similar to SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS1 (SOC1) from Arabidopsis. This hypothesis is based on expression studies and 
protein-protein interaction analyses. Overexpression of LpMADS1 in the Arabidopsis H51 
ecotype and fca mutant resulted in an early flowering phenotype, similar to constitutive 
expression of AP1 and SOC1.  In addition, changes in floral organ formation and identity 
have been observed, often hand in hand with an early termination of the inflorescence. Based 
on this study we conclude that heterologous overexpression of LpMADS1 from Lolium results 
in various defects that resemble phenotypes obtained upon ectopic expression of either AP1 or 
SOC1. Solely based on these results it is not possible to determine the function of LpMADS1 
in its natural environment.    
 
 
INTRODUCTION 
MADS box genes belong to a large family of transcription factors, of which members are 
involved predominantly in developmental processes, like the transition from vegetative to 
reproductive growth, floral organ identity and fruit ripening (Vergara-Silva et al., 2000). The 
ABC model for flower formation provides an excellent genetic model describing the 
specification of floral organ identity, where the combinatorial action of three classes of genes, 
A-, B- and C, determines the identity of the floral organs (Gutierrez-Cortines and Davies, 
2000). Besides their prominent role in floral organ formation, MADS box genes are essential 
to regulate the flowering transition and to specify floral meristem identity. Among the 
Arabidopsis genes involved in the transition from vegetative to reproductive development, 
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) acts as a dosage 
dependent activator of flowering. Expression of SOC1 is strongly and positively regulated by 
vernalization and the autonomous pathways, but also weakly by photoperiod (Lee et al., 2000; 
Samach et al., 2000). The three closely related Arabidopsis genes, APETALA1 (AP1), 
FRUITFULL (FUL) and CAULIFLOWER (CAL), share a redundant function in floral 
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meristem determination (Ferrandiz et al., 2000). Furthermore, AP1 functions as an A-type 
gene according to the ABC-model of flower development. 
Orthologues of members from the Arabidopsis MADS box family have been identified in 
monocots, such as maize, rice, lily, wheat and Lolium (Mena et al., 1996; Greco et al., 1997; 
Kang et al., 1997; Gocal et al., 2001; Murai et al., 2003), however the further functional 
characterization in the species of origin remains to be difficult. The identification and 
isolation of 42 MADS box genes from wheat, and comparison with Arabidopsis and other 
monocot MADS box genes, revealed a high degree of conservation within this transcription 
factor family (Zhao et al., 2006). Nevertheless, differences in function for in sequence closely 
related MADS box proteins have been reported. For example,  AP1-like genes from monocot 
species, like OsMADS14 from rice, ZAP1 from maize, BM5 from barley, TmAP1 from wheat 
and LpMADS1 from Lolium, are supposed to be involved in the flower induction process and 
in line with this, ectopic expression for some of these genes in homologous and heterologous 
backgrounds resulted in early flowering phenotypes (Mena et al., 1995; Jeon et al., 2000; 
Trevaskis et al., 2003, Petersen et al., 2006). For LpMADS1 from Lolium perenne these types 
of functional analyses have not been reported yet. Andersen et al (2006) reported that 
LpMADS1 is the orthologous gene of TmVRN1 from wheat and that the function of these 
genes may be conserved among wheat and other ryegrass species (Andersen et al., 2006). 
LpMADS1 expression is regulated by vernalization and photoperiod and therefore, this gene 
most likely acts as a dosage mediator of flowering, in a similar way as SOC1 from 
Arabidopsis. This hypothesis is strengthened by the fact that LpMADS1 protein forms dimers 
with the same set of Arabidopsis MADS box proteins as SOC1 does in a heterologous yeast 
two-hybrid screen (Ciannamea et al., 2006). According to a model proposed by Petersen and 
colleagues (Petersen et al., 2006) the control of flowering in Lolium perenne is controlled by 
the delicate balance between LpMADS1 and LpMADS10 expression. LpMADS10 is closely 
related to the Arabidopsis floral repressor SHORT VEGETATIVE PHASE (SVP) and recent 
work suggests that LpMADS1 expression is regulated by a protein complex involving the 
LpMADS1 and LpMADS10 proteins via an auto-regulatory loop mechanism (Ciannamea et 
al., 2006).  
In this study, we present the characterization of LpMADS1 from L. perenne by an 
overexpression approach in two different Arabidopsis backgrounds. For these experiments we 
used the H51 ecotype that is a naturally occurring late flowering accession and the fca mutant 
that flowers later than wild type independently from the photoperiod (Koornneef, 1991). 
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Furthermore, both wild type (Johanson et al., 2000) and mutant are strongly responsive to 
vernalization. 
 
RESULTS  
Constitutive expression of LpMADS1 and AP1 in Arabidopsis H51 
The overexpression constructs pCaMV35S::LpMADS1 (pARC222) and pCaMV35S::AP1 
(pGD511) were introduced into the Arabidopsis H51 ecotype. H51 is a naturally occurring 
late flowering accession due to the presence of a dominant Fri allele (Johanson et al., 2000) 
and hence, this ecotype responds strongly to vernalization.  
All the selected transgenic H51 lines transformed with pCaMV35S::LpMADS1 (pARC222) 
showed an early flowering phenotype compared to wildtype H51 plants and had curled rosette 
leaves (Fig 1.A and B). Furthermore, the inflorescences of these plants terminated early with 
composite terminal flowers that consist of two or three fused flowers (Fig. 1B and C). The 
formation of these composite flowers is most likely caused by the complete transition of 
meristematic tissue from inflorescence into floral identity. Remarkably, some of the flowers 
developed in addition elongated pistils. The phenotype obtained for the LpMADS1 transgenic 
lines resembles those of the H51 AP1 overexpression lines in terms of flowering behavior 
(Fig. 1D), but in contrast to these 35S::AP1 lines (Fig. 1E) no single terminal flowers were 
found in the LpMADS1 overexpressing plants. Vice versa, we didn’t observe any elongated 
pistils for AP1 overexpressors and this has also never been reported in literature.  
To quantify the effect of transgene expression on flowering time in the progeny of selfed 
primary transformants, the number of rosette leaves at the moment of bolting has been 
determined. As is shown in Table 1, the pCAMV35S::AP1 (pGD511) and 
pCAMV35S::LpMADS1 (pARC222) transgenic plants are early flowering and show a severe 
reduction in rosette leaf number compared to H51 wild type plants.  
 
Constitutive expression of LpMADS1 and AP1 in fca mutants 
The overexpression constructs pCaMV35S::LpMADS1 (pARC222) and 
pCaMV35S::AP1(pGD511) were introduced into the Arabidopsis  fca mutant. The late 
flowering mutant fca shows a delay in flowering which is abolished by a vernalization 
treatment (Koornneef et al., 1991). Interestingly, overexpression of LpMADS1 in the fca 
mutant caused an acceleration of flowering in comparison with non-transformed fca mutant 
plants (Table 1 and Fig. 1F-G). Furthermore, the LpMADS1 overexpression plants have curled  
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Figure 1. Phenotypical changes due to constitutive expression of LpMADS1 and AP1 in Arabidopsis H51 and 
fca mutants. (A) Wild-type H51 plants at the rosette stage of development. (B) Early flowering of an 
Arabidopsis H51 pCaMV35S::LpMADS1 plant, after the production of only 5 rosette leaves. (C) Close up of a 
composite terminal flower from the plant in (B), consisting of three individual flowers that are fused together. 
(D) Early flowering phenotype from an Arabidopsis H51 pCaMV35S::AP1 plant after producing 5 rosette 
leaves. The plant forms inflorescences with single terminal flowers. (E) Close up of a single terminal flower in a 
secondary inflorescence of the plant shown in (D). (F) An fca mutant plant at the vegetative stage. These plants 
flower after producing about 20 rosette leaves.  (G) Early flowering phenotype from an fca 
pCaMV35S::LpMADS1 plant, after the formation of only 7 rosette leaves. (H) Close-up of a flower from the 
plant shown in (G). (I) Severe early flowering phenotype of an fca pCaMV35S::AP1 plant, after producing 5 
rosette leaves. The plant produces inflorescences with single terminal flowers. 
 
leaves and  some flowers are formed with elongated pistils, as has been seen in H51 lines 
constitutively  expressing this gene. The 35S::AP1 fca lines flowered extremely early, after 
the formation of just four or five rosette leaves (Table 1) and many plants had reduced seed 
set due to the premature formation of terminal flowers on the main inflorescence (Fig. 1I).  
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Table 1. Comparison of flowering time based on total number of rosette leaves at the moment of bolting. The 
numbers given are the average for a segregating population of at least 20 plants except for the pCaMV35S::AP1 
lines in the fca background from which only a few seeds were available. (1) Number obtained from the 
experiment described by Clarke and Dean (1994).  
 
Plant line Number of rosette leaves                    n                  
H51 
H51 35S::LpMADS1 
H51 35S::AP1 
fca 
fca 35S::LpMADS1 
fca 35S::AP1                         
               32,51)                                       - 
 5                                        25 
 5                                        29 
22                                        64 
  7                                        46 
  5                                          3 
                   n = number of plants analysed       
 
Further molecular analyses are required in order to assess whether the severity of the 
phenotypes observed in these transgenic plants is correlated with the expression level of the 
transgene.  
 
DISCUSSION 
In this study, we analyzed LpMADS1 gene function by ectopic expression of this Lolium gene 
in two different Arabidopsis backgrounds. Due to time limitations, we were not able to 
perform molecular analysis on these plants. Despite the absence of this information, it is 
apparent that the acquisition of a premature flowering program in all the transgenic plants is 
most likely caused by the constitutive expression of the transgene. Similar features of 
overexpression in various Arabidopsis ecotypes have been described for AP1 and other AP1-
like genes, such as PEAM4 from pea, LtMADS1 from Lolium temulentum and CDM11 from 
chrysanthemum (Mandel and Yanofsky, 1995; Berbel et al., 2001; Gocal et al., 2001; 
Shchennikova et al., 2004), but also for MADS box genes that are less related to AP1 such as 
SOC1,  SEP3  (SEPALLATA3) and  AG (AGAMOUS) (Mizukami and Ma, 1992; Lee et al., 
2000; Pelaz et al., 2001). Surprisingly, mutant analyses for SEP3 (Pelaz et al., 2000) and AG 
(Yanofsky et al., 1990) revealed that these genes have no direct function in the timing of 
flowering. Therefore, the obtained early flowering phenotypes upon overexpression of these 
genes are probably a dominant negative effect, and do not reflect the real function of the 
transgene.  
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Apparently the flowering induction in the fca mutant background caused by LpMADS1 
overexpression (70% reduction of leaf number) is more severe compared to the reduction in 
time-to-flowering due to vernalization of fca plants (52% reduction of leaf number) (Bagnall, 
1993). Although these were separate experiments, it suggests that overexpression of 
LpMADS1 can overcome the need for a vernalization treatment and that this may be dosage 
dependent. Though based on solely these data we cannot conclude that the LpMADS1 gene is 
involved in the vernalization dependent pathway of flowering in Lolium perenne. In this 
respect, it would be interesting to test the generated transgenic lines under SD conditions with 
and without a vernalization treatment. It remains intriguing to unravel the LpMADS1 gene 
function and link it to genes playing a role in the vernalization pathway. The identification of 
LpFCA (Lolium perenne FCA) (Winichayakul et al., 2005),  for example, suggests that a 
similar regulation of flowering time in Arabidopsis and Lolium may exist.  Whether  
LpMADS1 is a direct target of FCA or a more downstream target of the floral integrators 
remains to be seen. 
Recently, LpMADS1 has been proposed to be the functional equivalent of the Arabidopsis 
SOC1 gene (Lee et al., 2000; Andersen et al., 2004; Ciannamea et al., 2006). This hypothesis 
is strengthened by the fact that we obtained phenotypic aberrations that resemble some of the 
features of SOC1 overexpression plants, like early flowering and elongation of pistils (Borner 
et al., 2000). However, similar effects have also been obtained upon ectopic expression of the 
MADS box gene AGl24 (Michaels et al., 2003), suggesting that this phenotype is not specific 
for SOC1(-like) overexpression. In addition, part of the phenotypic defects is reminiscent with 
modifications obtained by overexpression of AP1 in the same backgrounds, such as the early 
flowering phenotype. Therefore, our preliminary results are not sufficient to conclude that 
LpMADS1 is the functional equivalent of either AP1 or SOC1. For this purpose it would be 
interesting to compare the effect of LpMADS1 and SOC1 overexpression in the Arabidopsis 
H51 background and fca mutants. Functional studies in Lolium by generating knock-outs or 
constitutive LpMADS1 overexpression plants may help to reveal the role of LpMADS1 in the 
flowering process.   Unfortunately,  this is a very laborious approach and therefore, a 
heterologous system, like Arabidopsis remains valuable to provide additional clues on  gene 
function from non-model plant species.  
In this study we reported preliminary data, which support the hypothesis that LpMADS1 has a 
function similar to SOC1 in the vernalization dependent flowering induction process of 
Lolium.  
Chapter 4                            
 
88 
It is plausible that LpMADS1 and AP1 evolved differently from each other in dicots and 
monocots with respect to the flower transition process, however, this does not exclude the 
possibility that the role of AP1 and LpMADS1 in floral organ identity specification for sepals 
and petals remained conserved.  
 
MATERIAL AND METHODS 
Plant material 
Arabidopsis thaliana ecotype H51 (Johanson et al., 2000), the fca late flowering mutant 
(Martinez-Zapater and Sommerville, 1990; Koornneef et al., 1991), and all transgenic plants 
were grown under normal LD growth conditions (210C, 16 h light/8 h dark). 
 
Construction of the binary vectors and plant transformation 
The full-length open reading frames of AP1 and LpMADS1 were generated by PCR using the 
pfu proofreading polymerase (Stratagene) with primers designed at the ATG and STOP 
codons. The primers designed for the Arabidopsis AP1 coding sequence contained two 
restriction sites, the HindIII site on the forward primer and the SalI site on the reverse primer, 
respectively. Subsequently, the AP1 fragment was cloned behind the CaMV35S promoter 
sequence into binary vector pGD121 (Ferrario et al., 2003), resulting in the pGD511 
construct. The primers designed for the Lolium LpMADS1 coding sequence contained the 
Gateway attB1 and attB2 recombination sites. Subsequently, the LpMADS1 fragment was 
recombined into the GATEWAYTM pDONORTM207 vector (Invitrogen), which was finally 
recombined with the destination vector pGD625. This destination vector has been obtained by 
conversion of pGD121 into a Gateway compatible vector by cloning the Gateway cassette 
into the multiple cloning site. The final construct, with LpMADS1 under control of the 
CaMV35S promoter, has been designated pARC222. 
All constructs were transformed into Agrobacterium tumefaciens strain GV3101. 
Subsequently, Arabidopsis plants were transformed using the floral-dip method (Clough and 
Bent, 1998).  
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ABSTRACT 
A cold-regulated gene LpLIR1 was isolated from perennial ryegrass using a subtractive 
approach. The gene has strong homology to the LIGHT INDUCED RICE1 (LIR1) gene and is 
regulated at the transcriptional level by cold, and by a diurnal rhythm. Expression of LpLIR1 
in perennial ryegrass was upregulated by vernalization but did not follow a standard 
vernalization-responsive expression pattern. LpLIR1 expression was restricted to vegetative 
tissues and absent in apices during floral induction and in flowers. LpLIR1 mRNA levels 
displayed diurnal fluctuations, which peaked before dusk and declined during the night. 
Heterologous expression of LpLIR1 in Arabidopsis led to a significant increase in leaf 
formation under short days (SD) conditions but only when plants had received a preceding 
vernalization treatment. Furthermore, dissection of plant development under SD revealed a 
minor but significant delay of flowering in the transgenic lines compared to wild-type plants.  
 
INTRODUCTION 
Control of flowering time is a complex biological process, allowing plants to reproduce under 
environmental conditions favourable for seed set. The impact of environmental conditions on 
the timing itself varies with latitude and climate, and species usually show increasing 
response to temperature and light with increasing distances from the equator. Perennial 
ryegrass (L. perenne L) is a temperate grass that displays a pronounced response to both 
temperature and light. Most accessions do not flower unless exposed to an extended period of 
cold (vernalization) followed by long days (LD) with elevated temperatures (Jensen et al., 
2001; MacMillan et al., 2005). The mechanism behind this strict vernalization and LD 
requirement is not well understood, but within the last decade several genetic components in 
the light and temperature promotion pathways have been identified and characterized (for a 
recent review see Ausín et al., 2005). Most studies have involved plants which do not have an 
obligate requirement for vernalization and LD, but which respond positively to these cues. 
In perennial ryegrass, five vernalization-specific loci have been identified, of which one has 
been mapped to a region on linkage group 4 containing LpMADS1 (Jensen et al., 2005), that 
was previously characterized for its role in the vernalization response of perennial ryegrass 
(Petersen et al., 2004; Petersen et al., 2006). In winter crops the AP1-like genes, such as 
LpMADS1, show a gradual upregulation during vernalization and their expression peaks at the 
end of the cold period. This is in contrast to the rapid response of many Cold Responsive 
(COR) genes, starting the accumulation of their mRNAs within the first hours at low 
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temperatures (Wanner and Juntilla, 1999; Fowler and Thomashow, 2002; Ciannamea et al., 
2006). LpMADS1 is not only induced by vernalization but also by LD and may be controlled 
by the photoperiod pathway like AP1 in Arabidopsis. Genes in this pathway include 
GIGANTEA (GI), CONSTANS (CO), and FLOWERING LOCUS T (FT), which are regulated 
by LD to induce floral transition (Ausín et al., 2005). Photoperiodic control of these genes is 
conferred by the interactions of light via the photoreceptors and the rhythms generated by the 
circadian clock. GI, CO, and FT display diurnal expression fluctuations and the co-incidence 
of CO protein together with light under LD activates FT and SUPPRESSOR OF CONSTANS1 
(SOC1) and ultimately leads to floral transition. Genes similar to CO and FT from 
Arabidopsis have been mapped and cloned as major QTLs for photoperiod sensitivity in rice 
(Hd1 and Hd3a, respectively; Kojima et al., 2000; Yano et al., 2000). Rice OsGI was also 
recently identified as one out of three genes, which were downregulated in the photoperiod 
insensitive se5 rice mutant. The two other genes were a LIGHT INDUCED RICE1 (LIR1), 
and a myo-inositol 1-phosphate synthase, both of which were under control of the circadian 
clock (Hayama et al., 2002). LIR1-like proteins are plant-specific and their corresponding 
genes have been isolated from various species, including rice (LIR1; Reimmann and Dudler, 
1993), cucumber (Cytokinin-Repressed protein 9 (CR9); Teramoto et al., 1994) , grapefruit 
(CCR; Abeid and Holland, 1994), pea (PsG-A); Cohn et al., 1994), calamondin orange 
(accession AY226582), maritime pine (accession AJ309087), Arabidopsis (At3g26740 
(ORF19); Quigley et al., 1996), and the Arabidopsis-related halophyte Thellungiella 
halophila (accession BM985622; Wang et al., 2004).  
In an attempt to identify additional genes involved in floral induction of perennial 
ryegrass, a cDNA clone was isolated by selective amplification on leaf material from 12 
weeks vernalized plants versus leaf material from control plants. One of the isolated clones 
encodes a protein similar to LIR1 from rice (Reimmann and Dudler, 1993) and was therefore 
designated LpLIR1. To get insight in the function of the LpLIR1 gene, the effects of cold 
(vernalization), day length, and light on the expression pattern of this gene were analysed. 
Furthermore, transgenic Arabidopsis plants with ectopic expression of LpLIR1 have been 
studied, and these analyses suggest that the LpLIR1 gene is not functional in the flowering 
process, only.  
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RESULTS  
A new ryegrass member of the LIR1-like family 
In a selective amplification via biotin- and restriction-mediated enrichment (SABRE; Lavery 
et al,. 1997) RNA from vernalized leaves was used as tester against RNA from non-vernalized 
leaves. Several putative vernalization specific cDNA fragments were obtained of which one 
(LVLC6) was used to screen a whole plant cDNA library. Out of 0.8 x 106 lambda phage 
clones, two independent LVLC6 clones were isolated, which had the same sequence and 
predicted open reading frame (ORF) of 411 bp. The 635 bp cDNA fragment, which we 
assume to be the full-length LVLC6 cDNA, encodes a 14.2 kDa protein of 136 amino acids. 
Due to the high homology of the deduced amino acid sequence to LIR1 from rice (Reimmann 
and Dudler, 1993) and other proteins belonging to the family of LIR1-like proteins in plants, 
the cDNA was renamed Lolium perenne LIR1 (LpLIR1). DNA gel blot analysis showed that 
LpLIR1 is present as a single copy gene in Lolium perenne (data not shown).  
Comparative analysis of the amino acid sequence of LpLIR1 with other LIR-like 
proteins in the database (GenBank) showed that rice OsLIR1 and cucumber CR9 are the 
closest homologs of LpLIR1 that share 55% and 50% in identity, respectively (Figure 1A). 
The two monocot proteins (LIR1 and LpLIR1) also group together in a phylogenetic tree 
comprising all LIR-like proteins in the database (Figure 1B). Like the other members of the 
family, LpLIR1 has four cysteins at identical positions within two nearly identical repeats of 
15 amino acids (LpLIR1, residue 86-100 and 142-156). The repeat consensus sequences, 
which comprise α-helical structures, are 66.7% identical and the distances between the 
cysteins (8 residues) within the repeats appears to be conserved. The biochemical functions of 
these domains are not known. While sequence homology between the LIR-like proteins is 
high around the two repeats, it appears low outside this region, suggesting an important 
function for this domain. 
 
Transcriptional regulation of LpLIR1 by cold treatment and diurnal oscillation 
Some of the characterized LIR1-like genes, such as pea PGA, citrus CCR, cucumber CR9, and 
rice LIR1 were isolated in differential screens for developmentally regulated genes. However, 
subsequent analysis showed that differential expression patterns could be explained by diurnal 
oscillations rather than the biological process for which they were originally isolated (Abied 
and Holland, 1994; Reimann and Dudler, 1993). Therefore, we investigated the expression 
pattern of LpLIR1 during a 24 hrs period by RNA gel blot analysis to determine if the LpLIR1 
mRNA oscillates during the day. In congruence with other LIR-members, the amount of  
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Figure 1. Analysis of the LpLIR1 protein sequence.  
(A) Comparison of the deduced LpLIR1 protein sequence with the sequence of other LIR1-like proteins. (B) 
Phylogenetic tree of LIR1-like proteins. The CLUSTAL W program was used for the amino acid sequence 
alignment and the phylogenetic tree was constructed using the neighbour-joining method.  Identical residues are 
marked in black and similar residues are marked in grey. Repeated consensus sequences are underlined and 
conserved cysteins are marked with asterisks. Proteins are indicated by name or by accession number (un-
named) (LIR1, CAA48706; LpLIR1, ABA61130; CR9, 2016504A; CCR, S52663; PsG-A; S19977). 
 
LpLIR1 mRNA increases during the day in a SD regime and peaks after a light exposure of 
about 8 hours, just before dusk, after which it decreases during the dark period (Figure 2A). 
To determine the role of photoperiod in the control of LpLIR1 transcript, we compared its 
expression under SD and LD conditions during the day. Remarkably, the LpLIR1 expression 
was dramatically reduced under LD condition when compared to the SD regime (Figure 2A),  
and this difference is not caused by technical variation, since the same filter contained both 
the SD and LD RNA samples, loaded in equal amounts. Despite this reduction in expression 
level, LpLIR1 transcription was still regulated diurnally and peaked about 8-10 hours after the 
plants were exposed to light. These results indicate that LpLIR1 expression showed a similar 
oscillation pattern under SD and LD conditions, though levels of expression were strongly 
affected by the light duration.  
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Taken the diurnal rhythm into account, and to examine the possibility that LpLIR1 may be 
induced by cold and is not necessarily involved in the vernalization process, we analysed its 
expression during a 90 days vernalization period under SD and LD conditions. For this 
experiment all samples for RNA isolation were harvested at the same time-point of the day. 
This was done to avoid any influence from the diurnal fluctuations. Two independent northern 
blot experiments revealed that LpLIR1 expression is induced upon cold treatment, peaking 
shortly after exposure to low temperatures (1 week), followed by a stable low expression level 
during the vernalization period and a second lower peak appearing after 12 weeks (Figure 
2B). A similar expression profile, but with lower absolute values was obtained when the 
plants were subjected to a LD regime during the vernalization period (Figure 2B).  
The expression of LpLIR1 was also analyzed in other organs, and during flower induction. 
This analysis showed that expression of LpLIR1 is apparently restricted to vegetative tissue as 
we were unable to detect any transcripts in induced apices or in mature flowers (Figure 2C).  
 
LpLIR1 function in Arabidopsis is controlled by cold treatment 
To explore the role of LpLIR1 in relation to flowering and the vernalization response we 
expressed the gene in Arabidopsis under control of the 35S CaMV promoter. Several 
BASTA® resistant lines were obtained, which were tested for constitutive expression of 
LpLIR1 by northern blot analysis on whole seedlings (data not shown), and two high-
expressing lines (line A and D) were selected for floral response analysis in the T2 generation. 
A minimum of 50 BASTA® resistant individuals per line were grown alongside wildtype 
plants under four different combinations of light and temperature conditions: plants were 
either grown under SD or LD, with and without vernalization for 25 days.  
The 35S::LpLIR1 plants were in general more vigorous than wildtype after vernalization but 
otherwise did not deviate from wildtype morphology. To monitor the effect on flowering 
time, the number of rosette leaves was measured for wildtype and the transgenic lines A and 
D. The 35S::LpLIR1 lines did not deviate from the wildtype when grown under LD 
conditions, neither with nor without a vernalization treatment (Figure 3A). However, we 
observed a significant increase in the number of leaves produced before the onset of flowering 
for transgenic plants, which were vernalized and subsequently grown under SD (Figure 3A). 
Under these conditions vegetative growth was increased from an average of 44 rosette leaves 
in the wildtype to about 60 in the transgenics. These observations suggest that either LpLIR1 
works as a repressor of reproductive growth, or alternatively, it may stimulate the vegetative 
growth rate. Although leaf number has been considered the most appropriate parameter to 
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measure length of vegetative growth (Koorneef et al., 1998), the time to flowering measured 
in days to bolting is also often used. Using this parameter we also observed a significant  
 
Figure 2. LpLIR1 expression in Lolium under various conditions. 
(A)  Diurnal levels of LpLIR1 mRNA in Lolium plants grown under SD and LD conditions and detected by 
RNA gel blot analysis. The RNA samples collected at different time points during the SD and LD photoperiod 
were loaded on the same gel. The RNA is stained with ethidium bromide (Et-Br) to be able to compare the 
loading of the various samples. The experiment started at day one (I) at 7:00 o’clock in the morning and the last 
sample was taken at day two (II) at 9:30 hr in the morning. 
(B)  Northern blot analysis of LpLIR1 expression in leaves during a 90-days vernalization treatment under both 
SD and LD conditions. All samples for RNA isolation were collected at the same time of the day (10:30 am). 
The experiment has been performed in duplicate (biological replica’s are marked with I and II). The loading has 
been checked by staining of the gel with ethidium bromide (Et-Br).   
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(C) Semi-quantitative RT-PCR analysis of LpLIR1 expression in various tissues. LV, leaves of 12 weeks 
vernalized plants; LLD, leaves of plants that were 12 weeks vernalized and moved afterwards to LD conditions; 
AC, apices non-vernalized; AV, apices 12 weeks vernalized; ALD, apices 12 weeks vernalized and moved to LD 
conditions; F, flowers. 
 
 
 
 
Figure 3. Analysis of phenotypes from transgenic Arabidopsis plants expressing LpLIR1 driven by the 35S 
promoter. (A) Average number of rosette leaves produced till bolting  (line A, dark bars; line D, shaded bars; 
Wildtype plants, white bars), (B) Average number of days till bolting. Error bars indicate ± SD (standard 
deviation), bars are marked as in (A). (C) Rate of leaf appearance under SD (short day) conditions, (D) Rate of 
leaf appearance under SD (short day) conditions with a preceding vernalization treatment. Error bars represent ± 
SE (standard error). Leaf counting was started at day 48 for SD plants (C) and at day 45 for SD+VERN plants 
(D). LD, long day conditions, LD + VERN, 25 days vernalization + LD; SD, short day conditions; SD + VERN, 
25 days vernalization + SD. 
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lateness in flowering time of the 35S::LpLIR1 plants under SD conditions and at SD with 
vernalization (Figure 3B). The significance of the minor effect observed between wildtype 
and transgenics was confirmed by student t-tests. Because the number of rosette leaves 
produced had been scored continuously during the vegetative phase, we were able to analyse 
the rate of leaf appearance of wildtype and 35S::LpLIR1 plants grown under SD (Figure 3C) 
or SD with vernalization (Figure 3D).  
This analysis showed a constant rate of leaf appearance for the wildtype and the 35S::LpLIR1 
plants during the vegetative phase. No difference in leaf growth was observed between 
wildtype and transgenic plants when vernalization was omitted (Figure 3C). Interestingly, 
wildtype plants grown under SD conditions and subjected to vernalization displayed a clearly 
decreased rate of leaf appearance (Figure 3D), which was not observed for the 35S::LpLIR1 
plants. This difference in leaf growth rate was significant and indicates that the strong 
increase in leaf number in the 35S::LpLIR1 lines under SD conditions with vernalization 
(Figure 3A) is caused by a combined affect of an increase in leaf growth rate (Figure 3D) and 
a minor delay in flowering time (Figure 3B). 
 To get a better understanding of the cause of the obtained effects on flowering time 
and the rate of leaf appearance, the expression of the Arabidopsis LIR1-like gene has been 
investigated. Based on sequence comparison the Arabidopsis gene At3g26740 is most closely 
related to LpLIR1 and according to digital northerns from Genevestigator 
(www.genevestigator.ethz.ch, Zimmermann et al., 2004), this gene is expressed in both leaves 
and the stem during the vegetative stage of development. In addition, the At3g26740 gene 
expression pattern appeared to follow a diurnal rhythm (Bläsing et al., 2005), like we have 
shown for LpLIR1 (Figure 2A). In contrast to LpLIR1, At3g26740 is also expressed in floral 
organs after the switch to the generative stage and furthermore, the expression of this gene 
does not show the strong induction peak shortly after cold treatment. However, this latter 
difference could also be due to differences in experminental design. Overexpression of 
LpLIR1 in Arabidopsis resulted in phenotypic effects during the vegetative stage, only. 
Taking into account that the Arabidopsis LIR1-like gene is diurnally expressed in leaves in 
this stage, the obtained effects are most likely caused by the continuous expression of the 
Lolium LpLIR1 gene from the constitutive CaMV 35S promoter and/or the overall increase in 
mRNA levels for the LIR1-like genes.  
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DISCUSSION 
The LpLIR1 gene from perennial ryegrass described in this paper was identified by a 
differential subtractive approach aiming to isolate a sub-set of genes that are responsive to 
vernalization. The expression analysis of LpLIR1 during vegetative and reproductive growth 
revealed the presence of LpLIR1 transcript in leaves but not in meristems or reproductive 
organs. In addition, the comparison of LpLIR1 expression levels in leaves of plants exposed to 
cold and plants grown at normal temperature showed a strong induction of LpLIR1 expression 
after the first days of cold exposure followed by a decline to the basic level and a minor 
upregulation towards the end of the vernalization period. This type of expression pattern 
neither reflects the pattern of the long-term upregulated cold-induced genes, like the COR 
genes (Fowler and Thomashow, 2002), nor the vernalization-related genes like LpMADS1 and 
AtFLC, which are gradually up- and downregulated towards the end of the vernalization 
period, respectively (Petersen et al., 2004; Sheldon et al., 1999). In contrast, the analyses 
provide a new pattern of regulation for the LpLIR1 gene associated with an exposure to low 
temperatures. We have no immediate explanation for the initial upregulation of LpLIR1 
during cold treatment, but we suggest that the subsequent decrease in LpLIR1 transcription is 
linked to the accumulation of soluble sugars, which is normally observed during acquisition 
of cold tolerance (Wanner and Juntilla, 1999). This is based on studies in other species, from 
which it has been hypothesized that LIR1-like genes assist in photosynthesis or in the 
processing of photosynthetic products (Abeid and Holland, 1994), and the presence of soluble 
sugars may act as a negative regulator of this process. Digital northerns available for the 
Arabidopsis LIR1-like gene (At3G26740) at Genevestigator (www.genevestigator.ethz.ch, 
Zimmermann et al., 2004) revealed that this gene is not only regulated by the circadian clock, 
but also showed that this gene is downregulated by the presence of sucrose. Recently, Bläsing 
and colleagues (2005) reported further evidence for the suppression of the Arabidopsis LIR1-
like gene by soluble sugars.   
Interestingly, the heterologous functional analysis in transgenic Arabidopsis plants 
showed an increased rate of leaf initiation. A similar increase in the rate of leaf appearance 
has been observed as a consequence of a cold period in certain wheat genotypes (Rawson et 
al., 1998). Conversely, in three late accessions of Arabidopsis, Eifel, Piztal, and Innsbruck, 
the rate of leaf appearance remained constant and independent of vernalization and 
photoperiod (Bagnall, 1993). Though from these experiments it could be deduced that 
vernalization does not affect the leaf growth rate, these experiments were performed under 
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LD conditions, where the duration of light exposure may ensure a continuation of leaf 
productivity. The increase in leaf appearance rate observed in vernalized 35S::LpLIR1 plants 
shows that under SD conditions, where photosynthetic capacity is low, LpLIR1 promotes 
vegetative growth. The expression of LpLIR1 may have a similar effect under LD conditions, 
but the effect may be masked either by increased duration of photosynthesis or by the fast and 
highly inductive LD-promotion pathway, which dominates plant development under such 
conditions (Hempel and Feldman, 1994). Furthermore, constitutive expression of LpLIR1 in 
Arabidopsis resulted in a slight delay of flowering time. However, the 35S::LpLIR1 lines 
exhibited this late flowering phenotype only by the application of non-inductive SD 
photoperiod and after cold exposure. Whether this flowering phenotype is an indirect 
consequence of the observed effect on leaf appearance can not be excluded. More detailed 
functional analyses in Lolium in the near future will show hopefully, whether LpLIR1 assists 
in the regulation of sucrose levels and/or functions in response to abiotic stresses in general. 
 
MATERIALS AND METHODS 
Plant material 
Ryegrass (Lolium perenne L. clone F6) was grown in soil in daylight at 21ºC and 18ºC, day 
and night temperature, respectively. For flower induction plants were first grown at 5ºC, 8 
hours light per day, for at least 12 weeks. Following vernalization, plants were grown under 
long day photoperiods (16 hours light [cool white fluorescent, 320 µmol m-2 sec-1] and 22ºC 
and 18ºC, day and night temperature, respectively). 
 
Molecular cloning of LpLIR1 
An Uni-ZAP XR cDNA library (Stratagene, La Jolla, CA) prepared from whole-plant 
perennial ryegrass material was screened at high stringency using a vernalized leaf-specific 
cDNA fragment (LVLC6) labelled with [α-32P]dCTP (3000 Ci/mMol) using Megaprime 
DNA labelling system (Amersham Pharmacia Biotech, Buckinghamshire, UK). The cDNA 
fragment was obtained by selective amplification via biotin- and restriction-mediated 
enrichment (SABRE; Lavery et al. 1997) where RNA from vernalized leaves was used as 
tester against driver RNA from non-vernalized leaves. The LVLC6 clone was renamed to 
LpLIR1 and the full length cDNA sequence is deposited in the database under GeneBank ID 
DQ206624. 
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Transcription profiling 
For the initial RNA expression analysis, leaves and apices were harvested before 
vernalization (non-vernalized), after 12 weeks of vernalization, and after 28 days of the 
subsequent transfer to LD conditions. Mature flowers were also harvested. For the detailed 
expression analysis by Northern blot analyses, leaves were harvested during the vernalization 
process at day 0, 1, 6, 19, 35, 43, 57, 71, 90. All samples were collected at the same time of 
the day (10.30 am). For the analysis of diurnal expression of LpLIR1, leaves were harvested at 
eight different time-points during a 26 hrs period under SD and LD conditions.  
Detection of LpLIR1 transcripts in leaves was performed by standard RNA gel blot analysis 
(Sambrook et al., 1989). The probe was labelled by random oligonucleotide priming 
(Feinberg and Vogelstein, 1984), and blots were hybridized under stringent conditions as 
described by Angenent et al., (1992). Changes in LpLIR1 RNA levels in apices during 
vernalization and LD induction were detected by semi-quantitative RT-PCR according to 
Jensen et al. (2001).  
 
Ectopic expression of LpLIR1 in Arabidopsis 
The coding region of LpLIR1 was amplified by proofreading PCR using primers LPLF2, 5’-
AGACCATGGAGGCTGCCATTGG-3’ containing an NcoI overhang, and LPLR2, 5’-
GTCGGTTACCGGAGAGGTAGCTCCTACGG-3’ containing a BstEII overhang. Addition 
of the NcoI site generated a substitution of the second residue in the LpLIR protein from 
glutamine to glutamic acid. Purified PCR products were cloned into pCR-Blunt (Invitrogen, 
Carlsbad) and sequence-verified fragments were excised and cloned into the NcoI-BstEII site 
of the binary vector pCAMBIA3301 (CAMBIA, Cantaberra, AU). This vector harbours the 
35S CaMV promoter and cloning the LpLIR1 coding region into the NcoI-BstEII site replaced 
the GUS first and second exon and the catalase intron to give pCAMLPLIR1. Arabidopsis 
plants (Columbia-0) were transformed with Agrobacterium tumefaciens GV3101 (Koncz and 
Schell, 1986) harbouring pCAMLPLIR1 (for LpLIR1 overexpression) using the floral dip 
method described by Clough and Bent (1998). 
Two BASTA® resistant T2 lines (A and D) with high expression of the transgene 
(based on northern blot analysis on whole seedlings) were tested for their flowering 
phenotype by growing at least 50 individual plants per line together with the wildtype under 
four different light and temperature conditions: a, vernalization at 5 °C under SD conditions 
for 25 days followed by LD at 22 °C; b, vernalization at 5 °C under SD conditions for 25 days 
         A new member of the LIR gene family from perennial ryegrass is cold-responsive, and promotes vegetative      
        growth in Arabidopsis 
 105
followed by SD at 22 °C; c, stratification at 5 °C for two days followed by LD at 22 °C; d, 
stratification at 5 °C for two days followed by SD at 22 °C. The number of rosette leaves was 
recorded every fifth or sixth day after plants were transferred to either SD or LD until 
flowering.  
The significance of the data sets was obtained by “Student” t-test analysis and from 
the t-probs (P{T<=t} two tails) between two-samples, assuming unequal variance, it could be 
deduced whether data points were differing significantly (criterion: < 0.05). 
Sequence Analysis 
The full length amino acid sequence comparison was performed using the ClustalW multiple 
sequence alignment program and a phylogenetic tree was generated using the neighbour-
joining method with Seqboot of 100 data sets. TreeView software (version 1.6.6; 
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html, University of Glasgow, Roderic D. M. 
Page) was used to make the graphical presentation of the phylogenetic tree. 
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ABSTRACT 
Among the genes controlling flowering time transition in Arabidopsis, FLOWERING 
LOCUS C (FLC) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) 
are important factors, which in turn determine the switch to floral transition. FLC acts as a 
repressor of floral transition, while SOC1 is gradually induced during phase transition and 
acts as an activator of flowering in a dosage dependent manner. Both genes encode type II 
MADS box transcription factors and the C-termini of these proteins are supposed to be 
involved in transcriptional activation or repression. In order to study the molecular function of 
the C terminal parts of FLC and SOC1, two chimeric proteins FLC(MIK)-SOC1(C) and 
SOC1(MIK)-FLC(C) were created by reciprocally swapping the two C terminal domains. 
Transgenic plants expressing each of the chimeric constructs showed an opposite effect on 
flowering time when compared to plants overexpressing the full-length SOC1 and FLC genes. 
These differences suggest that the C-terminus of these MADS proteins is important for their 
specific role in the switch from vegetative to generative development. Comparative yeast two-
hybrid analyses using SOC1, FLC, FLC(MIK)-SOC1(C) and SOC1(MIK)-FLC(C) revealed 
that the wild type and chimeric proteins, containing the respective MIK parts, form the same 
dimers. However, a yeast three-hybrid analysis showed clear differences between SOC1 and 
the chimeric SOC1(MIK)-FLC(C) protein, suggesting that the composition of a higher order 
complex explains the observed differences in overexpression phenotypes for the wild type and 
chimeric proteins. 
  
INTRODUCTION 
In Arabidopsis the time of flowering is controlled by environmental stimuli and endogenous 
signals. The initiation of flowering is triggered by four major flowering pathways, the 
photoperiod, vernalization, autonomous and giberellin pathways that promote the transition to 
the reproductive phase in the correct time of the year. 
In winter-annual Arabidopsis ecotypes, flowering is induced primarily by photoperiod and 
vernalization and the confluence of these processes is executed by two floral integrators, FT 
(FLOWERING LOCUS T) and SOC1 (SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS 1). FT is positively regulated by the photoperiod through CONSTANS (CO), 
and SOC1 expression is induced by both CO and FT (Doyle et al., 2005; Searle et al., 2006). 
In the vernalization pathway, FLC (FLOWERING LOCUS C), which acts as repressor of
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flowering and is negatively regulated by vernalization (Doyle et al., 2005), is directly 
repressing SOC1 by binding to a CArG motif present in the SOC1 promoter (Hepworth et al., 
2002, Searle et al., 2006; Helliwell et al., 2006). The transcriptional repression of SOC1 by 
FLC depends on the level of FLC expression during vernalization (Sheldon et al., 2006). 
Besides this, FLC acts also in the leaf, where it represses the transition to flowering through 
down-regulation of FT. Subsequently, the activation of FT and SOC1 gives rise to the 
induction of genes involved in flowering such as LFY (LEAFY) and AP1 (APETALA1). 
FLC and SOC1 encode MADS-box transcription factors, which have an opposite function in 
terms of flowering time regulation. Both MADS proteins belong to the type II lineage of the 
MADS-box transcription family, which share common structural domains; the MADS domain 
involved in DNA binding and dimerisation, the I-region and the K-box that confers 
dimerisation specificity and finally the least conserved C-terminus, which is involved in 
transcriptional regulation and higher order protein complex formation  (Riechmann and 
Meyerowitz, 1997; Egea-Cortines et al., 1999). 
Several biochemical and molecular studies provided evidence that MADS box proteins form 
specific hetero- and homodimers and are able to associate into higher-order complexes 
(Riechmann et al., 1996; Egea-Cortines et al., 1999). Recently, an extensive yeast two hybrid 
study has identified several candidate dimer interactions among the members of the MADS-
box family from Arabidopsis (de Folter et al., 2005). Among these, some MADS-box proteins 
with an opposite effect on flowering time, but very close in sequence, like SHORT 
VEGETATIVE PHASE (SVP) and AGAMOUS-LIKE24 (AGL24), appeared to have similar 
protein-protein interactions (de Folter et al., 2005). On the other hand, the proteins FLC and 
SOC1 that have also an opposite effect on flowering time appeared to have a completely 
different interaction pattern. 
The functioning of MADS box proteins is to a certain extent determined by the composition 
of multimeric complexes, which are involved in the regulation of downstream target genes. In 
addition to differences in protein-protein interactions, the spatial and temporal expression 
patterns of the encoding genes are likely to be responsible for the specific functioning of the 
individual MADS box proteins (de Folter and Angenent, 2006). MADS box transcription 
factors act either to activate or repress transcription (Shore and Sharrocks, 1995). Whilst, a 
transcriptional activation domain has been identified in the C-terminus of some MADS box 
proteins, like for example APETALA1 (Sunchan et al., 1999), it is currently unclear which 
region is involved in transcriptional repression. Possibly, these proteins do not possess an 
intrinsic repression domain, but interact with co-repressors. 
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In this study, we investigated the role of FLC and SOC1 in the regulation of floral transition 
and we confirmed their opposite activity in this process by overexpression analyses in 
Arabidopsis. Furthermore, we generated mutant versions of the FLC and SOC1 proteins by 
swapping the C-terminal domains of these proteins.  The obtained phenotypes upon 
overexpression of these chimeric proteins, together with the data generated in a yeast two- 
and three-hybrid screening, suggest an important role for the C-domain of the two proteins in 
determining their specific function in flowering time control. 
  
RESULTS 
Cloning of C-terminally swapped versions of the FLC and SOC1 proteins  
The role of FLC and SOC1 in regulation of flowering time has been well documented in the 
past based on several genetic studies conducted in Arabidopsis. FLC is a repressor of 
flowering and overexpression of this gene resulted in transgenic plants that flower extremely 
late (Hepworth et al., 2002). In contrast, SOC1 functions as a flowering pathway integrator 
and activator of flowering and hence, its overexpression causes early flowering and an 
acceleration of phase transition (Lee et al., 2000; Hepworth et al., 2002). To get insight in the 
molecular basis for this difference in function we generated constructs encoding for chimeric 
proteins of FLC and SOC1 with swapped C-terminal domains. The latter protein domain is 
supposed to be involved in transcriptional activation or repression and the formation of higher 
order complexes (Egea-Cortines et al., 1999; Honma and Goto, 2001; Pelaz et al., 2001). The 
program Paircoil (http://paircoil.lcs.mit.edu/cgi-bin/paircoil) was used in combination with a 
Motif scan search (http://hits.isb-sib.ch) to identify the supposed position of the K-box and 
start of the C-terminal domain for these two MADS box proteins. This bioinformatic 
approach suggests the presence of a coiled coil domain (K-box) in both FLC and SOC1 that 
exists of three amphipatic a–helices. Based on this, the regions between amino acids 169-214 
of SOC1 and 166-196 of FLC were selected as the C terminal domains of these two MADS 
box proteins, respectively (Fig. 1). Subsequently, the FLC(MIK)-SOC1(C) and SOC1(MIK)-
FLC(C)  mutant genes were constructed and cloned in a binary vector under control of the 
constitutive Cauliflower Mosaic Virus (CaMV) 35S promoter for plant transformation. 
 
Constitutive expression of FLC and SOC1 in Arabidopsis 
To be able to compare the effect of overexpression of the chimeric genes to overexpression of 
the full-length wild  type genes, we determined first the flowering time of 35S::SOC1 and 
35S::FLC transgenic plants under long day growth conditions. As expected, SOC1 
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overexpression causes early flowering (Table 1), although the effect on promotion of 
flowering seems to be more enhanced under short day photoperiod, according to previous 
reports (Borner et al., 2000). Overexpression of FLC has an opposite effect on flowering time 
and the Arabidopsis transgenic plants flowered much later than the wild type (Table 1). The 
late flowering phenotype of our 35S::FLC plants was in complete accordance with the 
observations done by Hepworth et al, 2002.  
 
Figure 1. Analysis of the SOC1 and FLC protein sequences.  The ClustalW program was used for the amino 
acid sequence alignment and identical residues are shaded in black. Regions between amino acids 169-214 of 
SOC1 and 166-196 of FLC were selected as the C terminal domains of the two proteins. 
 
Flowering time measurement of transgenic plants overexpressing the chimeric 
FLC(MIK)-SOC1(C) and SOC1(MIK)-FLC(C) genes 
To determine the biological effect on flowering time caused by  swapping the C-domain of 
the FLC and SOC1 proteins, we expressed the chimeric FLC and SOC1 constructs under 
control of the constitutive CaMV35S promoter in transgenic Arabidopsis plants. The 
progenies from at least three independent kanamycin resistant transgenic plants were selected 
for each construct and seeds were sown on normal growing medium. Subsequently, all 
seedlings were transferred to soil followed by phenotypical analyses. None of the 
35S::SOC1(MIK)-FLC(C) transgenic plants showed a significant delay of flowering in 
comparison to the early flowering phenotype observed for the SOC1 overexpression plants 
(Table 1). On the other hand, all FLC(MIK)-SOC1(C) lines flowered earlier than the late 
flowering FLC overexpressors and had a similar flowering time as 35S::SOC1  (Table 1).  In 
conclusion, these results indicate distinct phenotypic effects on bolting and total number of 
leaves by swapping the C-terminus of FLC with that from SOC1.   
 
Molecular analyses 
As mentioned above, primary transformants were chosen based on their growth on kanamycin 
selective medium, however this is no guarantee for strong expression of the introduced 
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transgene. To analyse whether there was a linkage between expression of the transgene and 
flowering behavior, RT-PCRs were performed on RNA isolated from leaves of a few T1 
plants per progeny. This preliminary molecular analysis confirmed the expression of the 
transgene from five out of seven tested individuals of the 35S::SOC1_A3 population and four  
 
Genotype  
 
Total   
number of 
leaves 
 
Days till bolting Number 
of plants 
analysed 
Col wild type 
 
35S::SOC1_A1 
35S::SOC1_A2 
35S::SOC1_A3 
35S::SOC1_A4 
 
35S::SOC1(MIK)-FLC(C)_C2 
35S::SOC1(MIK)-FLC(C)_C3 
35S::SOC1(MIK)-FLC(C)_C4 
 
35S::FLC_B1 
35S::FLC_B2 
35S::FLC_B3 
 
35S::FLC(MIK)-SOC1(C)_D1 
35S::FLC(MIK)-SOC1(C)_D2 
35S::FLC(MIK)-SOC1(C)_D3 
35S::FLC(MIK)-SOC1(C)_D4 
35S::FLC(MIK)-SOC1(C)_D5 
13 ± 1,5 
 
10,5 ± 2,1 
11,0 ± 1,8 
7,9 ± 2,4 
11,0 ± 2,0 
 
11,7 ± 2,1 
12,1 ± 1,5 
12,0 ± 2,2 
 
46,8 ± 9,1 
40,0 ± 7,7 
43,6 ± 12,7 
 
12,3 ± 1,8 
11,6 ± 1,9 
9,9 ± 1,7 
9,3 ± 1,8 
9,9 ± 1,2 
30,4 ± 1,8 
 
33,6 ± 5,5 
30 ± 3,3 
27,7 ± 3,8 
29,0 ± 2,0 
 
30,3 ± 2,7 
35,2 ± 3,1 
32,1 ± 1,9 
 
74,4 ± 9,6 
62,1 ± 10,3 
66,3 ± 10,0 
 
32,3 ± 2,2 
30,8 ± 3,0 
28,8 ± 3,1 
26,5 ± 2,8 
29,3 ± 2,9 
41 
 
24 
43 
14 
28 
 
57 
32 
46 
 
12 
14 
30 
 
36 
91 
53 
35 
13 
 
Table 1. Flowering time of plants transformed with 35S::SOC1, 35S::SOC1(MIK)-FLC(C), 35S::FLC or 
35S::FLC(MIK)-SOC1(C), respectively. Flowering time was measured as total number of rosette leaves 
produced before flowering and as number of days before bolting. For flowering time measurements the T1 
progenies from at least three independent transgenic lines for each construct were grown under long day 
conditions. 
 
out of five tested 35S::SOC1_A4 plants (data not shown). Most likely, the non-expressing 
plants from the A3 and A4 progenies are wild type due to segregation of the T-DNA. The 
flowering time of the five expressing A3 plants was slightly earlier then the average of the 
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whole A3 population, whereas the flowering time of the four expressing A4 plants was 
comparable to the average of the A4 population (Table 1). From the 35S::SOC1(MIK)-
FLC(C) T1 lines, two out of six tested plants from the 35S::SOC1(MIK)-FLC(C)_C2 
population appeared to give expression and three out of four tested 35S::SOC1(MIK)-
FLC(C)_C3 plants were true expressors (data not shown). In both cases the flowering time of 
the expressing lines was more or less similar to the average flowering time of the C2 and C3 
populations, respectively. Unfortunately, there was no time to normalize the RT- PCR signal 
of the transgene with the expression of a housekeeping gene and to analyse the expression 
from more plants of the various populations. Due to time limitations, we were also not able to 
perform the same molecular analyses for the 35S::FLC(MIK)-SOC1(C) plants and 35S::FLC 
plants. 
 
Dimerisation of FLC(MIK)-SOC1(C) and SOC1(MIK)-FLC(C) 
Recently, a comprehensive protein-protein interaction map of nearly all the MADS proteins 
from Arabidopsis has been reported (de Folter et al, 2005). This study revealed a large 
number of dimers between SOC1 and other MADS box proteins involved in flowering time 
regulation and floral organ formation. Remarkably, no dimerisation partners could be 
identified for FLC in this yeast two-hybrid screen, or have been published by other research 
groups.  
We determine the role of the C-terminus in dimerisation and compared the dimerisation 
patterns of FLC and SOC1 with those of FLC(MIK)-SOC1(C) and SOC1(MIK)-FLC(C), by 
screening all four proteins against the collection of Arabidopsis MADS proteins available in 
our laboratory. These analyses revealed that the swapped version SOC1(MIK)-FLC(C) is able 
to form similar dimers, except for AGL14, as the wild type SOC1 protein (Table 2). 
Furthermore, the FLC(MIK)-SOC1(C) chimeric protein does not interact with any other 
MADS box protein as has also been observed for the wild type FLC protein. In conclusion, 
our data show that the chimeric proteins FLC(MIK)-SOC1(C) and SOC1(MIK)-FLC(C) 
behave like the native FLC and SOC1 proteins, respectively. 
 
Yeast three hybrid analysis to identify dimers interacting with FLC(MIK)-SOC1(C) or 
SOC1(MIK)-FLC(C) 
Protein-protein interaction studies with truncated clones revealed that at least part of the C-
terminus of MADS box proteins is involved in higher-order complex formation (Egea-
Cortines et al., 1999). Because, we didn’t observe clear differences in dimerisation capacity 
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for the chimeric proteins with swapped C-termini, it prompted us to perform a yeast three-
hybrid assay to analyse ternary complex formation. Recently, all identified Arabidopsis 
transcription factor dimers were reconstituted in yeast by expressing one protein fused to the 
GAL4 Activation Domain (AD) and the other protein without any fusion (Ciannamea et al., 
2006). For this study we decided to focus on type II proteins only, and therefore we selected  
Interactors of:  
SOC1 SOC1(MIK)-FLC(C) 
Full protein name 
SEP1 
SEP4-I 
SEP4-II 
SEP2 
SHP2 
AGL6 
AP1 
FUL 
SEP3 
CAL 
AGL12 
AGL13 
AGL14 
AGL15 
AGL16 
AGL17 
AGL19 
SOC1 
 
 
AGL21 
SVP 
AGL24 
AGL42 
ANR1 
AGL71 
SEP1 
SEP4-I 
SEP4-II 
SEP2 
SHP2 
AGL6 
AP1 
FUL 
SEP3 
CAL  
AGL12 
AGL13 
    -- 
AGL15 
AGL16 
AGL17 
AGL19 
SOC1 
 
 
AGL21 
SVP 
AGL24 
AGL42 
ANR1 
AGL71 
SEPALLATA 1 
SEPALLATA 4-I 
SEPALLATA 4-II 
SEPALLATA 2 
SHATTERPROOF 2 
AGL6 
APETALA1 
FRUITFULL 
SEPALLATA 3 
CAULIFLOWER 
AGL12 
AGL13 
AGL14 
AGL15 
AGL16 
AGL17 
AGL19 
SUPPRESSOR OF 
OVEREXPRESSION OF 
CONSTANS 1 
 
AGL21 
SHORT VEGETATIVE PHASE 
AGL24 
AGL42 
ANR1 
AGL71 
 
Table 2. Yeast two-hybrid interactions of SOC1 and SOC1(MIK)-FLC(C) proteins with the Arabidopsis MADS 
box protein collection. 
FLC and FLC(MIK)-SOC1(C) did not interact with any of the Arabidopsis proteins. All interaction events 
resulted in yeast growth on selective medium lacking adenine and selective medium lacking histidine, 
supplemented with 5 mM 3-AT. No growth and hence the lack of  protein-protein interaction is indicated by “-“.  
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all dimers from the collection and combined them with FLC, SOC1, FLC(MIK)-SOC1(C) or 
SOC1(MIK)-FLC(C) fused to the GAL4 Binding Domain (BD). Subsequently, positive 
interactions were scored in selective medium lacking leucine, tryptophan, adenine and 
histidine, supplemented with 5mM 3AT. After removing all false-positives that were growing 
on the selective plates because of binary interactions, SOC1 appeared to interact with two 
specific dimer combinations (Table 3). In contrast, the SOC1(MIK)-FLC(C) protein could not 
interact with these two dimers, but appeared to interact with another dimer (Table 3). No 
ternary complexes were identified for the FLC protein in yeast and the same holds for the 
chimeric FLC(MIK)-SOC1(C) protein. 
 
Interactors of:  
SOC1 SOC1(MIK)-FLC(C) 
Full protein name 
SHP2+SEP3 
 
 
STK+SEP3 
 
 
 
 
 
 
 
 
 
AP3+PI 
SHATTERPROOF 2/ SEPALLATA 3 
 
 
SEEDSTICK/ SEPALLATA 3 
 
 
APETALA3/ PISTILLATA 
 
Table 3. Yeast three-hybrid screening of SOC1 and SOC1(MIK)-FLC(C) protens against the Arabidopsis type II 
MADS box dimer collection. FLC and FLC(MIK)-SOC1(C) did not form ternary interactions with any of the 
tested Arabidopsis dimers in yeast. This screening was done using as bait constructs, pBD-SOC1(MIK)-FLC(C) 
and pBD-SOC1, respectively. 
 
DISCUSSION 
In this study we report the further analysis of FLC and SOC1, two MADS box genes 
previously isolated and functionally characterized as regulators of floral transition in 
Arabidopsis (Michaels and Amasino, 1999; Borner et al., 2000; Lee et al., 2000). FLC acts as 
repressor of floral transition and modulates the response to flowering among others by 
repression of SOC1 (Helliwell et al., 2006). SOC1 is gradually induced during phase 
transition and acts as a floral activator (Lee et al., 2000). 
Although FLC and SOC1 show less than 40% of identity in their overall amino acidic 
sequence, we focused our interest on their C-terminal domains, because the C-terminal region 
of MADS box proteins has been postulated to be involved in transcriptional activation or 
repression (Shore and Sharrocks, 1995). To investigate the possibility that FLC might contain 
Chapter 6  
118 
an intrinsic repression domain and act in that way as a transcriptional repressor, we analysed 
the effects on flowering time of overexpressing the 35S::FLC(MIK)-SOC1(C) or 
35S::SOC1(MIK)-FLC(C) constructs. Overexpression of FLC(MIK)-SOC1(C) does not result 
in a strong late flowering phenotype, as has been seen for 35S::FLC plants. Furthermore, in 
contrast the 35S::SOC1 plants and the SOC1(MIK)-FLC(C) transgenic lines were flowering at 
the same time. This all is in line with our hypothesis that the C-terminus of FLC is involved in 
repression of flowering and the C-terminus of SOC1 in the activation of flowering. However, 
neither the flowering time of SOC1(MIK)-FLC(C), nor that of FLC(MIK)-SOC1(C) 
transgenic plants  were clearly distinguishable from the flowering time of wild type plants. 
Based on these observations, it might be that the C-terminus of SOC1 imposes a 
transcriptional activation activity to FLC. However, it cannot be excluded that the chimeric 
proteins are instable (e.g. because they can not fold in a proper way) and therefore, the 
transgenic plants containing these chimeric constructs behave like wild type. The fact that 
SOC1(MIK)-FLC(C) interacts in a similar way as the SOC1 protein in a yeast two-hybrid 
screen, demonstrates that at least in yeast a stable protein is formed. Our data support the 
hypothesis that the C-terminus of SOC1 is involved in activation of flowering and that the C-
terminus of FLC is at least partially essential for the floral repressor function of this protein. 
In line with the latter conclusion, Shu and colleagues (2005) found that overexpression of a C-
terminal truncated clone of FLC from Brassica oleracea (BoFLC) in Arabidopsis resulted in 
early flowering transgenic plants. The authors suggested that the early flowering phenotype 
could be a consequence of non-functional multimeric complex formation between the 
truncated BoFLC and endogenous AtFLC proteins and hence, blocking AtFLC function by a 
dominant negative effect. On the other hand, the BoFLC protein may form the same 
complexes as the endogenous AtFLC protein, but is not able to repress the target genes upon 
binding to their enhancer elements. Furthermore, the recent analysis of Van-0, which is an 
early flowering accession of Arabidopsis, revealed that the FLC gene of this variety encodes a 
C- terminal truncated FLC protein (Werner et al., 2005). All these studies point to a role for 
the FLC C-terminus in the repressive function of this protein.  
Besides overexpression studies, we analysed dimerization and higher-order complex 
formation capacity of the chimeric proteins to get a better clue on their molecular behaviour. 
These studies revealed that swapping of the C-terminus has hardly any effect on dimerisation 
specificity. This was not surprising because it is known that the I- and K-box regions are 
important for specificity of the interaction. These domains were not changed in the chimeric 
proteins.  In contrast, a clear difference was obtained between SOC1 and SOC1(MIK)-
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FLC(C) for higher-order complex formation using a 3-hybrid assay,  suggesting that the 
obtained differences upon overexpression in plants may be mediated by the formation of 
different higher-order complexes. However, it must be said that a ternary complex between 
SOC1(MIK)-FLC(C) and the B-type protein dimer AP3-PI and the interactions between full 
length SOC1 and SEP3 containing dimers seem not directly linked with flowering time. 
Therefore, it can not be excluded that the obtained phenotypical differences are caused by 
other molecular mechanisms. It is also very well possible that these chimeric proteins can 
interact with non-MADS box proteins. The fact that FLC did not show physical interactions 
with other proteins, reveals that the yeast system used for our assays does not allow the 
detection of any molecular interaction for this protein. It remains unclear why both the wild 
type and chimeric FLC proteins are unable to form dimers or ternary complexes in yeast. 
Recently, a new study reported evidence that an active FLC-FLAG protein and endogenous 
FLC proteins interact in vivo and form large molecular complexes, which contain at least the 
endogenous FLC and FLC-FLAG proteins (Helliwell et al., 2006). Unfortunately, at this 
moment the identity of the co-factors participating in this higher-order protein complex is 
unknown.  
In conclusion, we presented a new molecular approach  to get insight in the molecular 
mechanism behind the functioning of MADS box proteins involved in the regulation of floral 
transition. Although our preliminary results suggest that the C-termini of FLC and SOC1 play 
important roles in the functioning of these proteins, further molecular studies are needed to 
elucidate the mode of action of these two important flowering time regulators.  
 
MATERIAL AND METHODS 
Plant material 
Arabidopsis thaliana ecotype Col0 and all transgenic plants were grown under normal LD 
growth conditions (210C, 16 h light/8 h dark). 
 
Construction of the binary vectors and plant transformation 
The full-length open reading frames of SOC1 and FLC were generated by PCR using pfu 
proofreading polymerase (Stratagene) with primers designed at the ATG and STOP codons, 
followed by cloning of the obtained fragments into pENTRTM/D-TOPO (Invitrogen).  To 
amplify the SOC1(MIK) and FLC(MIK) truncated coding regions a forward primer was 
designed on the ATG and a reverse primer containing a BglII restriction site after the 
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sequence of the MIK domain. The SOC1(C) and FLC(C) domains were amplified using a 
forward primer, containing a BglII restriction site, and a reverse primer on the STOP codon. 
The FLC(MIK), SOC1(MIK), SOC1(C) and FLC(C) fragments were all cloned in the pGEM-
T easy vector (Promega, Madison, WI). After enzymatic digestion by BglII the SOC1(C) and 
FLC(C)  fragments were gel purified and cloned into the BglII linearised pGEM-T easy 
vector containing the FLC(MIK) and SOC1(MIK) fragments, respectively . 
Full length FLC(MIK)-SOC1(C) and SOC1(MIK)-FLC(C) chimeric genes were amplified by 
PCR using the pfu proofreading polymerase (Stratagene) with primers designed on the ATG 
and STOP codons and subsequently cloned into pENTRTM/D-TOPO (Invitrogen). 
Each obtained pENTRTM/Directional-TOPO vector was recombined with the GATEWAY 
destination vector pGD625 (de Folter et al., 2006). All constructs were transformed into 
Agrobacterium tumefaciens strain GV3101 and Arabidopsis plants were transformed using 
the floral-dip method (Clough and Bent, 1998).  
 
RT-PCR analysis 
Total RNA was isolated from leaves of Arabidopsis plants, according to Verwoerd et al. 
(1989). cDNA was obtained from 1µg of total RNA previously treated with DNAseI to 
remove eventual traces of genomic DNA in the sample. A reverse transcriptase reaction with 
MMLV reverse transcriptase and an oligo dT primer was done after addition of EDTA to the 
sample to inactivate the DNAseI enzyme. As a control for the absence of genomic DNA in 
the generated cDNA, a PCR with two actin primers (PRO91: 
GCGGTTTTCCCCAGTGTTGTTG and PRO92: TGCCTGGACCTGCTTCATCATACT) 
was performed. These primers give amplification of a fragment of around 1 kb on cDNA. In 
case of contamination by genomic DNA a fragment of about 1.4 kb will be amplified, because 
of the presence of an intron between the primer annealing sites. A forward primer designed on 
the AMV leader sequence, present in the pGD625 construct (PRO 795: 
CAAATACTTCCACATCAAGC) in combination with a SOC1 specific reverse primer 
(PRO363: GGTCACTTTCTTGAAGAACAAG) were used to amplify the SOC1 transcript.  
For amplification of the chimeric SOC1(MIK)-FLC-(C) transcript a forward primer annealing 
around the SOC1 start codon was used (PRO361: CACCATGGTGAGGGGCAAAACTC) in 
combination with a FLC reverse primer at the stop codon (PRO367: 
GGCTAATTAAGTAGTGGG). After RT-PCR 10µl from each amplification product were 
loaded on a 1% agarose gel.  
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Yeast two and three- hybrid analyses 
The pENTRTM/D-TOPO vectors containing the SOC1(MIK)-FLC(C) and FLC(MIK)-
SOC1(C) fragments were both recombined with the GATEWAY destination vector 
pDESTTM32 (pBDGAL4, bait). All the generated bait vectors were transformed into yeast 
strain PJ69-4a (MATa; James et al., 1996) and the transformants were selected on SD plates 
lacking Leucine (Leu). Subsequently, the obtained bait plasmids containing the full-length 
sequences of SOC1(MIK)-FLC(C) and FLC(MIK)-SOC1(C), respectively, were tested for 
auto-activation of the yeast reporter genes and none of the two chimeric proteins appeared to 
be able to activate the reporter genes. A screening for the heterodimerisation capacity of the 
two chimeric proteins was performed using the available collection of Arabidopsis MADS 
box genes in the pAD-GAL4 vector in yeast strain PJ69-4A (Mat A; (James et al., 1996; de 
Folter et al., 2005). Furthermore, higher-order complex formation was determined by a yeast 
three-hybrid screening against part of the Arabidopsis MADS box transcription factor dimer 
collection (de Folter et al., 2005; Ciannamea et al., 2006). The mating-based two- and three-
hybrid screening and selection for positives has been performed as described by de Folter et 
al, 2005. 
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Various aspects of the vernalization pathway of flowering have been studied well in the dicot 
model species Arabidopsis thaliana, and it appeared that the vernalization response and 
cellular memory of vernalization are regulated at the molecular level by epigenetic 
mechanisms, like chromatin remodelling (Bastow et al., 2004). These processes involve 
histone acetylation and methylation, and one of the major targets is the MADS box 
transcription factor FLOWERING LOCUS C (FLC) that acts as a repressor of flowering (He 
et al., 2004; Sung and Amasino, 2004). At the start of this project limited information was 
available about the molecular regulation of the vernalization response in other species and the 
major question to be answered was, whether the molecular regulation of the vernalization 
response was conserved between species? We have focused our research on the monocot 
species Lolium perenne, which is an important forage crop that requires prolonged periods of 
cold to induce flowering.  
To identify genes supposed to be involved in the vernalization response, a comprehensive 
analysis of the vernalization process in this species was performed by a micro-array 
experiment (Chapter 2) and a differential subtractive approach (Chapter 5).   
The identification of the LpJUMONJI C (LpJMJC) gene as one of the genes up-
regulated towards the end of the vernalization response strongly suggest that also in Lolium 
epigenetic mechanisms regulate the vernalization response (Chapter 2). Recently, it has been 
proven that JUMONJI type proteins can act as histone demethylases and hence, are good 
candidates for being involved in chromatin remodelling (Tsukada et al., 2006). This finding is 
of great interest because it opens new directions of investigation to understand flowering time 
regulation in grasses. Although studies in Arabidopsis identified chromatin remodelling 
factors and their targets that regulate the transition to flowering, our knowledge about the 
Lolium target genes, which expression is regulated by this kind of epigenetic mechanisms, is 
still very limited. A more general challenge is to define the mechanism by which chromatin 
remodelling factors integrate both developmental and environmental signals to regulate 
meristem activity. 
Despite the presence of comparable mechanisms and the identification of similar type of 
genes involved in regulating the vernalization response in Lolium and Arabidopsis (Chapter 
2), clear differences between these species have been reported. It has even been hypothesised 
that the vernalization response has evolved separately in monocots and dicots, resulting in 
distinct genes that control the timing of flowering (Chapter 1 and Trevaskis et al., 2006). For 
example, no FLC-like gene has been isolated so far from Lolium. Furthermore, the 
LpMADS1 protein that is in sequence close to APETALA1 (AP1) from Arabidopsis, but 
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resembles the expression pattern and protein-protein interaction specificity of SOC1 (Chapter 
3), plays an important role in the vernalization response of Lolium. Saerle and colleagues 
(2006) found that the SOC1 promoter is directly bound and repressed by the FLC protein. In a 
similar way, the LpMADS1 promoter might be bound by the floral repressor encoded by the 
Lolium VRN2 locus. Fine mapping of VRN2 in wheat revealed that the locus encodes a 
CONSTANS-like protein instead of an FLC homolog. It remains the question whether the 
protein encoded by the Lolium VRN2 locus represses LpMADS1 expression directly or 
indirectly and whether VRN1 (=LpMADS1) and VRN2 are regulated by the same flowering 
pathways. The LpMADS1 promoter sequence appeared to contain distinct cis-regulatory 
modules. The existence of three CArG boxes in the LpMADS1 promoter, and the binding of at 
least one of these CArG boxes by different LpMADS1 protein complexes (Chapter 3) 
provided evidence for auto-regulation of LpMADS1 and the involvement of other MADS box 
proteins in its regulation. It is however still possible that the LpMADS1 promoter is a direct 
target of the chromatin remodelling factors. The Arabidopsis AP1 gene, for example, can be 
repressed by plant Polycomb proteins, such as FIE (Katz et al., 2004) and LpMADS1 may be 
regulated in a similar manner during the flowering transition phase. Further research on the 
putative LpMADS1 cis-elements to which specific regulatory complexes bind is clearly 
needed and will possibly unravel more aspects of the molecular mechanisms of the 
vernalization pathway in cereals. Furthermore, the usage of chromatin immunoprecipitation 
(ChIP) experiments (Wang et al., 2002) and the availability of antibodies that are able to 
recognize specific histone marks will help to identify the targets of the chromatin remodelling 
complexes. This knowledge, in combination with our results on LpMADS1 (Chapter 2, 3 and 
4) will be in favour of the VRN1 gene (LpMADS1) being the major floral-activator in cereal 
grasses. Unfortunately, the functional analysis of Lolium genes in Lolium is difficult, while 
using Arabidopsis as a model species (Chapter 4 and 5) may be hampered due to the before 
mentioned differences in regulatory pathways between cereals and Arabidopsis.  
Many unanswered questions remain to be explained. For example, it is still unknown 
which mechanisms are used by plants to perceive cold during vernalization, and which genes 
are involved in this physiological process. However, despite the technical difficulties 
encountered when working with crop species with large genomes and  without extensive 
sequence information, the work in this thesis contributed significantly to increase our 
knowledge on regulatory genes modulating the vernalization response in Lolium. Based on 
this and the fast progress made in general at this moment, it will not be a surprise that in the 
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near future we will obtain a clear picture of the molecular basis of the vernalization response 
in both Arabidopsis and cereals. 
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SUMMARY 
 
Control of flowering time in a wide variety of plant species is one of the most important 
developmental switches during plant development and depends on various environmental 
factors. In the past, the isolations of many flowering mutants in the model system Arabidopsis 
thaliana contributed to a better understanding of the regulation of flowering time. In this 
species four main promoting pathways were identified and among those, the vernalization 
pathway allows an acceleration of flowering induction in climatic areas with long periods of 
cold. The main objective of this thesis was to study and identify the genes involved in 
vernalization requirement in Lolium perenne, and compare the genetic control of prolonged 
cold exposure in Arabidopsis and this cereal species. 
Chapter 1 describes the process of promotion of flowering induced by the 
vernalization pathway in Arabidopsis and winter cereals.  The current view on the molecular 
function of genes controlling the vernalization response in Arabidopsis and in winter cereals 
is presented. This chapter concludes with some final comments about the possibilities that the 
vernalization pathway is conserved among different species.  
In Chapter 2 a comprehensive expression analysis of 1500 unique cDNA clones from 
Lolium perenne is described, in order to identify genes up- or down-regulated during the 
vernalization response. Based on strong up-regulation in the last weeks of the cold treatment 
some genes were selected as putative candidates for being involved in the vernalization 
response. A preliminary characterization revealed that these genes were homologous to 
members of the MADS box, CONSTANS-like, and JUMONJI families of transcription 
factors. Some additional clues on their functions and on their phylogenetic relationship 
suggest new regulatory mechanisms for the vernalization response in Lolium.   
Chapter 3 reports the regulation of flowering time in vernalization- sensitive and –
insensitive Lolium perenne accessions. A detailed analysis has been performed for the 
promoter of the LpMADS1 gene, which is strongly up-regulated towards the end of the 
vernalization period. Yeast one-hybrid experiments and gel retardation assays showed that not 
only heterodimers of LpMADS1 and LpMADS10, but also higher order complexes of these 
two proteins, were able to bind the LpMADS1 promoter element of the winter variety. 
Surprisingly, a small deletion in the LpMADS1 promoter of a spring variety abolished 
binding of the LpMADS1 protein to the DNA, suggesting that the autoregulation by 
LpMADS1 is essential for the vernalization response.  Based on expression analysis and 
protein interaction studies the LpMADS1 protein appeared to behave as a floral activator, 
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functionally equivalent to SOC1 (SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS1) from Arabidopsis. Another MADS box protein from Lolium perenne, 
LpMADS10 with sequence similarity to SVP (SHORT VEGETATIVE PHASE) has a 
supposed function as floral repressor and probably negatively regulates LpMADS1 expression 
during vernalization.. 
In Chapter 4 the study of transgenic Arabidopsis ecotype H51 and fca mutant plants 
that ectopically express LpMADS1, is presented. Ectopic expression of LpMADS1 induced 
early flowering and the formation of elongated pistils, which is reminiscent with the 
phenotype observed in 35S::SOC1 plants. Although these results suggest that LpMADS1 is the 
functional equivalent of either AP1 or SOC1, it is too preliminary to conclude this based on 
heterologous functional analysis studies.  
In Chapter 5 a differential subtractive approach aiming at the isolation of a sub-set of 
genes that are responsive to vernalization in perennial ryegrass was followed. One of the 
identified genes, named LpLIR1 was initially a good candidate for a vernalization-related 
gene. However, detailed expression analyses revealed that LpLIR1 has a novel pattern of 
expression upon exposure to long periods of low temperatures, which could not be linked to 
the vernalization response. LpLIR1 encodes a protein with four cysteins at identical positions 
within the two nearly identical repeats of 15 amino acids without any biochemical function 
reported. Heterologous functional analysis in transgenic Arabidopsis plants showed an 
increased rate of leaf initiation and a slight delay of flowering time. This phenotype could be 
caused by a reduced photosynthetic activity or altered levels of soluble sugars during cold 
exposure. 
Chapter 6 introduces the results obtained by the characterization of two MADS box 
genes involved in the regulation of flowering time in Arabidopsis by a new approach. In order 
to get insight into the molecular function of FLC and SOC1, two chimeric proteins 
FLC(MIK)-SOC1(C) and SOC1(MIK)-FLC(C) were created by reciprocally swapping of the 
two C terminal domains. The C-terminal domains of these two proteins were supposed to be 
functionally responsible for the role of SOC1 and FLC as flowering activator and repressor, 
respectively. Besides differences in flowering time of the transgenic plants for each chimeric 
construct, we observed altered higher-order complex formation between SOC1 at the one 
hand and the chimeric protein SOC1(MIK)-FLC(C) at the other hand. Although the yeast 2/3-
hybrid system did reveal interactors with the FLC protein and these studies are not complete, 
these results strongly suggest that the C-termini of FLC and SOC1 play an important role in 
the functioning of these proteins. 
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In Chapter 7 a final discussion is presented in which once more the genetic control of 
vernalization in Arabidopsis and cereal species is compared. Although there are differences in 
the key regulators between Arabidopsis and Lolium the molecular mechanisms that regulate 
the vernalization response in Arabidopsis and Lolium show considerable conservation. 
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SAMENVATTING 
De regulatie van het bloeitijdstip is een van de belangrijkste ontwikkelingsprocessen voor 
planten en is afhankelijk van verschillende omgevingsfactoren. In het recente verleden zijn 
vele bloeitijdstip mutanten geïsoleerd en gekarakteriseerd in de model plant Arabidopsis 
thaliana (zandraket) en dit heeft geleid tot een gedegen inzicht in dit proces. In Arabidopsis 
zijn een viertal signaal transduktie routes geïdentificeerd, die betrokken zijn bij de inductie 
van bloei en die er voor zorgen dat de plant op het juiste moment bloeit. Een van deze routes 
is de zogenaamde “vernalisatie” route en deze zorgt ervoor dat planten die groeien in klimaat 
zones met langdurige koude periodes pas na de winter gaan bloeien.  Het hoofddoel van het 
onderzoek beschreven in dit proefschrift was het isoleren en bestuderen van genen met een 
belangrijke rol in de vernalisatie route van het gewas Lolium perenne (gras). Een tweede 
doelstelling was om deze route te vergelijken met de bekende vernalisatie route in 
Arabidopsis en te bepalen of dit belangrijke proces op een vergelijkbare manier wordt 
gereguleerd in verschillende planten soorten. Dit laatste zou betekenen dat het proces 
geconserveerd is vanuit een evolutionair oogpunt.  
 In hoofdstuk 1 wordt een overzicht gegeven van wat bekend is in de literatuur over de 
vernalisatie route en het induceren van bloei in Arabidopsis, grassen, en de aan grassen 
gerelateerde wintergranen zoals tarwe. Er wordt o.a. ingegaan op de functies van de bekende 
genen en de moleculaire werkingsmechanismen, en deze worden vergeleken voor de 
verschillende plantensoorten. Aan het eind van dit hoofdstuk wordt geconcludeerd dat het 
vernalisatie proces mogelijk geconserveerd is en op een vergelijkbare manier wordt 
gereguleerd in verschillende planten soorten. 
 In hoofdstuk 2 wordt een grootschalig micro-array experiment beschreven, waarin de 
expressie van 1500 genen is geanalyseerd in gras gedurende een langdurige periode van kou 
(vernalisatie). De bedoeling was genen te identificeren, die worden geïnduceerd of 
uitgeschakeld gedurende of aan het eind van de vernalisatie periode. Een kleine groep genen 
kon geselecteerd worden als potentiële kandidaat voor een functie in het vernalisatie proces, 
gebaseerd op een sterk toenemende expressie in de laatste weken van de vernalisatie periode. 
Een eerste globale sequentie analyse voor deze groep genen toonde aan dat het ging om genen 
behorende tot de MADS box, CONSTANS, en JUMONJI families van transcriptiefactoren. 
Op basis van een gedetailleerde fylogenetische analyse kon geconcludeerd worden dat we 
mogelijk nieuwe, nog niet bekende regulatie genen hebben gevonden voor de vernalisatie 
route in gras.  
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Vervolgens wordt in het derde hoofdstuk een analyse van vernalisatie gevoelige en niet-
gevoelige Lolium variëteiten besproken. Hiervoor is een gedetailleerde analyse uitgevoerd 
van de promoter van het LpMADS1 gen van de twee verschillende variëteiten. LpMADS1 is 
een gen, waarvan de expressie sterk toeneemt aan het eind van de vernalisatie periode. Zowel 
gist 1-hybrid en gel-shift experimenten lieten zien dat de LpMADS1 promoter van de 
vernalisatie-gevoelige winter variëteit werd gebonden door zowel een heterodimeer van 
LpMADS1 en LpMADS10, als ook door een hogere-orde complex van deze twee eiwitten. 
Verrassend genoeg, werd de LpMADS1 promoter van de niet koude gevoelige variëteit met 
een korte deletie in de sequentie niet gebonden door de LpMADS1 complexen. Dit suggereert 
dat binding van de LpMADS1 promoter door LpMADS1 van essentieel belang is voor de 
vernalisatie gereguleerde expressie van het LpMADS1 gen en er dus autoregulatie plaats 
vindt. Daarnaast bleek op basis van gedetailleerde expressie analyses en eiwit-eiwit interactie 
studies in het gist 2-hybrid systeem, dat LpMADS1 zich vergelijkbaar gedraagt als het bloei 
inducerende eiwit SUPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) van 
Arabidopsis. Een zelfde analyse voor het op Arabidopsis SHORT VEGETATIVE PHASE 
(SVP) gelijkende LpMADS10 eiwit toonde aan dat dit eiwit waarschijnlijk functioneert als 
een repressor van bloei. LpMADS10 bewerkstelligt dit mogelijk door het onderdrukken van 
de LpMADS1 expressie aan het begin van de vernalisatie periode.  
 In hoofdstuk 4 worden de resultaten gegeven van de analyse van transgene 
Arabidopsis planten (H51 ecotype en fca mutant), waarin het LpMADS1 gen constitutief tot 
expressie is gebracht. Ectopische expressie van LpMADS1 blijkt vervroegde bloei te geven en 
heeft daarnaast een effect op de zaaddozen. Deze strekken meer en worden daardoor 
uiteindelijk langer dan normaal. Dit laatste effect is ook waargenomen in 35S::SOC1 planten. 
Ondanks dat deze resultaten sterk suggereren dat LpMADS1 een vergelijkbare functie heeft 
als AP1 of SOC1, is op basis van uitsluitend deze resultaten niet met zeker te zeggen wat de 
functie is van dit Lolium gen.  
In hoofdstuk 5 wordt een alternatieve strategie beschreven, die gevolgd is om genen te 
isoleren die reageren op een langdurige koude behandeling in gras. Het gen LpLIR1 dat in dit 
experiment is gevonden, bleek in eerste instantie een goede kandidaat te zijn voor een gen 
betrokken bij het vernalisatie proces. Gedetailleerde expressie analyses toonde echter aan dat 
dit gen gereguleerd wordt volgens een nieuw patroon dat niet direct gerelateerd kon worden 
aan vernalisatie. Uit verdere analyse bleek dat LpLIR1 codeert voor een eiwit met twee 
repetitieve sequenties van 15 aminozuren lang en met 4 qua positie geconserveerde cysteines. 
Helaas is de functie van dit geconserveerde domein niet bekend. Een heterologe functionele 
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analyse die vervolgens in Arabidopsis is uitgevoerd, heeft aangetoond dat overexpressie van 
LpLIR1 leidt tot een toename in blad vorming en een minieme vertraging van de bloei. Een 
mogelijke oorzaak voor dit fenotype is een gereduceerde fotosynthese activiteit in deze 
transgene planten of gewijzigde concentraties van oplosbare suikers in de plant door de 
langdurige blootstelling aan de kou.  
In hoofdstuk 6 staat beschreven hoe twee Arabidopsis MADS box genen met een 
belangrijke rol in het bepalen van het bloeitijdstip zijn geanalyseerd volgens een nieuwe 
methode. Om inzicht te krijgen in de functie van de MADS box eiwitten SOC1 en FLC zijn 
de C-terminale domeinen van deze twee eiwitten uitgewisseld, wat resulteert in de eiwitten 
SOC1(MIK)-FLC(C) en FLC(MIK)-SOC1(C). De achterliggende gedachten bij deze aanpak 
is dat het C-terminale domein de functie bepaalt van het bloei onderdrukkende FLC eiwit en 
het bloei stimulerende SOC1 eiwit. Analyse van transgene planten toonde aan dat 
overexpressie van deze chimere eiwitten daadwerkelijk een ander effect heeft op de bloei als 
de twee natuurlijke eiwitten. Daarnaast bleek er een verschil te zijn in de capaciteit om 
hogere-orde complexen te vormen met andere MADS box eiwitten. Ondanks dat er niet 
overduidelijk een tegengesteld effect werd gevonden na overexpressie van de chimere 
eiwitten, is duidelijk gebleken dat het C-terminale domein een belangrijke rol speelt in het 
functioneren van deze twee MADS box eiwitten. 
 Tot slot wordt in hoofdstuk 7 een algemene discussie gevoerd, waarin opnieuw het 
vernalisatie proces in Arabidopsis en grassen wordt vergeleken aan de hand van de resultaten 
beschreven in de voorgaande hoofdstukken. Het werk beschreven in dit proefschrift laat 
duidelijk zien dat de moleculaire mechanismen die verantwoordelijk zijn voor de regulatie 
van het vernalisatie proces redelijk geconserveerd zijn. Op genniveau blijkt er echter wel 
duidelijk verschil te zijn tussen deze twee soorten. Dit laatste geeft nogmaals het belang aan 
van moleculaire en genetische studies in gewassen, naast de analyse in model systemen.  
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Chapter 2, Suppl. Figure 1 
Functional Categorization for GO Biological Processes
other metabolic processes (32,2%)
protein metabolism (11,6%)
other physiological processes (9,6%)
transport (8,9%)
biological processes unknown (8,6%)
electron transport or energy pathways (5,1%)
response to abiotic or biotic stimulus (3,8%)
other cellular processes (3,7%)
cell organization and biogenesis (3,5%)
response to stress (3,4%)
other biological processes (2,7%)
transcription (2,4%)
DNA or RNA metabolism (1,9%)
development processes (1,4%)
signal transduction (1,2%)
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